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CONVERSION  FACTORS,  METRIC  (SI)  TO  U.  S.  CUSTOMARY 
AND  U.  S.  CUSTOMARY  TO  METRIC  (SI) 

UNITS  OF  MEASUREMENT 


Units  of  measurement  used  in  this  report  can  be  converted  as  follows: 


Multiply 



To  Obtain 

Metric 

(si)  to  U.  S.  Customary 

milligrauns 

0. 0000022 

pounds  (mass) 

grams 

0.00220U 

pounds  (mass) 

millilitres 

O.OOO26U2 

gallons  (U.  S.  liquid) 

litres 

0.2642 

gallons  (U.  S.  liquid) 

litres  per  minute 

0.2642 

gallons  (U.  S.  liquid) 
per  minute 

milligrams  per  litre 

0.0000083 

poiuids  (mass)  per  gal- 
lon (U.  S.  liquid) 

Celsius  degrees  or 

Kelvins 

9/5 

Fahrenheit  degrees* 

U.  S.  Customary  to  Metric  (SI) 

inches 

2.54 

centimetres 

feet 

0.3048 

metres 

square  feet 

0.09290304 

square  metres 

cubic  feet 

0.02831685 

cubic  metres 

gallons  (U.  S.  liquid) 

0.003785 

cubic  metres 

cubic  feet  per  minute 

0.02831685 

cubic  metres  per 
minute 

gallons  (U.  S.  liquid) 
per  minute 

0.003785 

cubic  metres  per 
minute 

gallons  (U.  S.  liquid) 
per  day 

0.003785 

cubic  metres  per 
day 

pounds  (mass) 

0.4535924 

kilograms 

pounds  (force)  per 
square  inch  gage 

6.894757 

kilopascals 

* To  obtain  Fahrenheit  (F) 
following  equation:  F “ 
from  Kelvin  (K)  readings. 

readings  from  Celsius  (C)  readings,  use  the 
9/5 (C)  + 32.  To  obtain  Fahrenheit  readings 
use:  F = 9/5(K  - 273.15)  + 32. 
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LABORATORY  AND  PILOT  PLANT  EVALUATION  OF  INTERMITTENT 


LOADING  ON  SMALL-SCALE  EXTENDED  AERATION 
BIOLOGICAI.  SYSTEMS 

PART  I : INTRODUCTION 

Background 

1.  The  U.  S.  Army  Corps  of  Engineers  is  responsible  for  designing, 
const?nicting,  and  operating  wastewater  treatment  systems  for  its  recre- 
ational areas.  The  use  of  these  areas  by  391  million  visitors  in  1976 
emphasizes  the  magnitude  of  this  responsibility.  Reducint,  or  eliminat- 
ing the  discharge  of  organic  matter  and  suspended  solids  from  recrea- 
tional areas  to  receiving  streams  or  lakes  is  of  paramount  importance  in 
the  protection  of  the  enArironment  and  the  maintenance  of  acceptable 
^ater  queLLity. 

2.  Wastewater  treatment  is  particularly  important  in  recreational 
areas  because  of  the  ultimate  utilization  of  the  receiving  water  for 
both  primary  smd  secondary  contact  recreation.  Waters  in  these  areas 
should  not  only  be  aesthetically  pleasing  but  should  also  meet  health 
standards.  Under  present  regulations,  the  major  constituents  of  waste- 
water  that  must  be  removed  prior  to  discharge  are  materiaO-s  exerting  a 
biochemical  oxygen  demand  (BOD),  and  suspended  solids  (SS).  Nitrogen 
and  phosphorus  removal  is  required  in  some  instances  depending  on  their 
effects  on  the  receiving  water,  and  a minimum  level  of  coliform  bacteria 
in  the  effluent  is  reqviired  by  most  state  pollution  control  agencies. 

3.  Visitation  at  recreation  areas  is  highly  variable  both  on  a 
seasonail  and  on  a weekly  basis.  The  majority  of  the  activity  occurs 
during  the  summer  vacation  months;  some  facilities,  however,  are  not 
even  used  in  the  winter.  During  the  summer,  peak  visitation  occxirs 
during  weekends,  with  the  heaviest  use  occurring  on  holiday  weekends. 
Because  wastewater  production  is  proportional  to  recreation  area  usage, 
highly  variable  wastewater  flows,  which  pose  operational  problems  for 
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Figure  1.  Typical  variations  in  wastewater 
flow  at  a recreation  axea  (from  Reference  l) 

small  wastewater  treatment  systems,  are  characteristic  of  most  recrea- 
tional areas.  Typical  variations  in  recreational  site  wastewater  flow 
are  shown  in  Figure  1. 

4.  Extended  aeration,  which  is  a modification  of  the  activated 
sludge  treatment  process,  is  particularly  well  suited  to  flows  of  less 
than  1 mgd*  and  therefore  may  he  effectively  utilized  for  the  treatment 
of  wastewater  generated  in  recreational  areas.  Because  the  volume  of 
wastewater  produced  at  recreation  areas  does  not  necessitate  the  con- 
struction of  a large  treatment  facility  with  high  capital  costs,  the 
extended  aeration  system  to  be  used  is  generally  prefabricated  and  par- 
tially assembled  when  delivered  to  the  site,  hence  the  term  "package 
treatment  plant." 


* A table  of  factors  for  converting  metric  (Sl)  units  of  measurement 
to  U.  S.  customary  units,  and  U.  S.  customary  to  metric  (Sl)  units  is 
presented  on  page  4. 
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5.  Extended  aeration  as  a biological  treatment  process  is  depen- 
dent on  living  organisms  for  the  removal  of  organic  material,  nutrients, 
and  contaminants  from  wastewater.  The  microorganisms,  primarily  bacte- 
ria, have  difficulty  responding  to  extremes  in  their  environment  during 
periods  of  low  hydraulic  and  organic  loadings,  such  as  those  that  would 
occur  in  recreational  areas  in  the  winter  or  during  the  week.  Many  of 
the  beneficial  organisms  die  because  of  insufficient  food  and  are  thus 
lost  from  the  system.  When  the  loading  increases , the  organisms  grow 
rapidly,  often  creating  a microbial  mass  (sludge)  that  does  not  settle 
easily,  ultimately  increasing  the  BOD  of  and  SS  in  the  effluent.  The 
BOD  and  concentrations  of  SS  in  the  effluent  are  also  increased  by  hy- 
draulic fluctuations  that  can  wash  much  of  the  active  microbial  mass  out 
of  the  system.  The  extent  to  which  intermittent  loading  affects  the 
performance  of  recreational  area  treatment  systems  has  not  been  suf- 
ficiently documented. 

Purpose 

6.  It  is  the  purpose  of  this  research  to  investigate  the  response 
of  an  extended  aeration  system  to  intermittent  shock  loads  similar  to 
those  encountered  in  recreational  areas. 

Technical  Approach 

T.  A three-phase  study  was  designed  to  define  the  performance  of 
a biological  treatment  system  under  intermittent  loading  conditions : 

a.  Phase  I . Develop  a mathematical  model  to  predict  the  per- 
formance of  a completely  mixed  activated  sludge  (CMAS)  sys- 
tem under  intemittent  loading  conditions.  Intermittent 
loading  conditions  are  defined  as  time-dependent  hydraulic 
loadings  similar  to  those  encountered  in  recreation  area 
wastewater  treatment. 

b.  Phase  II.  Subject  bench-scale  extended  aeration  treatment 
system  to  intermittent  loadings  in  the  laboratory  to  de- 
fine the  effect  of  intermittent  loading  on  the  extended 
aeration  system  performance. 
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[ PART  II:  LITERATURE  REVIEW 

I 

Activated  Sludge 

1 8.  Activated  sludge  is  one  of  the  most  economical  and  efficient  of 

k 

j the  wastewater  treatment  processes  available.  In  an  activated  sludge 

j system,  raw  wastewater  enters  an  aeration  tank  and  is  mixed  with  a 

[ heterogeneous  culture  of  aerobic/facultative  microorganisms.  Aeration 

I holds  the  microorganisms  in  suspension  and  provides  the  oxygen  that  is 

I necessary  for  the  microbial  metabolism  of  the  organic  matter.  The  con- 

tents of  the  aeration  tank,  termed  mixed  liquor,  flow  into  a settling 
tank,  or  clarifier,  for  removal  of  suspended  solids  prior  to  discharge. 
Most  of  the  settled  sludge  is  returned  to  the  aeration  tank  in  order  to 
maintain  a suitable  concentration  of  the  active  microbial  mass  in  the 
mixed  liquor,  but  a portion  of  the  sludge  may  be  wasted  from  the  system. 
A schematic  diagram  of  the  activated  sludge  process  is  given  in  Figure  2. 


Figure  2.  Schematic  of  activated  sludge  process 

9.  Activated  sludge  systems  are  designed  primarily  to  remove  those 

organic  compounds  that  would  exert  a BOD.  The  organic  carbon  and  other 

nutrients  are  used  by  the  microorganisms,  primarily  bacteria,  for  energy 

and  for  synthesis  of  new  cells.  This  reaction  may  be  represented  by  the 

following  expression: 

Organic  carbon  + O2  + nutrients  (N,  P) 

microorganism  ^ ^ 

The  cellular  mass  generated  may  be  represented  by  the  formula  C5HYNO2. 

10.  The  growth  of  microorganisms  is  a function  of  the  amount  of 
available  food.  Microbial  growth  can  be  defined  in  three  phases:  log 
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Figure  3.  Microbial  growth  curve 

growth,  declining  growth,  and  endogenous  growth.  Figure  3 shows  the 
phases  of  growth  and  the  relationship  between  the  mass  of  microorganisms 
and  food  available.  In  the  log  growth  phase,  initiated  by  an  excess  of 
food,  the  growth  rate,  which  is  at  a maximum,  is  limited  only  by  the 
ability  of  the  microorganisms  to  metabolize  the  food.  In  the  declining 
growth  phase,  the  bacteria  need  more  food  than  is  available,  resulting 
in  a decrease  in  the  growth  rate.  When  the  food  concentration  reaches 
a level  insufficient  to  sustain  further  growth,  many  of  the  cells  lyse, 
releasing  their  protoplasm  to  be  used  as  a food  source  by  the  remaining 
cells.  This  process  is  called  endogenous  respiration  or  auto-oxidation 
and  may  be  represented  by  the  following  simplified  reaction: 

C^H^NOg  NH^  + 500^  + 2H^0  + Energy 

11.  Modifications  of  the  activated  sludge  process  may  operate  in 
any  one  or  more  of  the  growth  phases  depending  on  the  masses  of  food  and 
microorganisms  present.  A major  operational  and  design  parameter  is  the 
food  to  microorgmism  (F/M)  ratio,  which  relates  the  mass  of  food  in  the 
aeration  basin  to  the  microbial  mass.  The  F/M  ratio  is  important  be- 
cause of  its  effect  on  the  kinetics  of  BOD  removal  and  sludge 
settleability. 

12.  The  principle  of  wastewater  stabilization  within  an  activated 
sludge  plant  involves  the  uptake  of  soluble  food  (BOD)  by  bacteria  and 
subsequent  stabilization  of  the  bacterial  mass  through  endogenous  respi- 
ration and  prddation  by  the  animal  population  present  in  the  activated 
sludge.  Primary  animal  popiilations  involved  are  the  protozoa. 
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predominantly  the  dilates,  end  rotifers. 

13.  The  ultimate  success  of  an  activated  sludge  system  Is,  In 
fact,  dependent  on  the  animal  population  present.  The  lack  of  adequate 
animal  populations  generally  results  In  poor  BOD  removal  and  the  appear- 
ance of  a turbid  effluent.  High  performance  within  the  activated  sludge 

system  as  a result  of  maintaining  a proper  animal  population  has  been 
2-5 

docmented.  The  present  tendency,  however,  has  generally  been  not  to 
rely  on  direct  enumeration  of  animal  populations  for  process  control, 
but  rather  to  depend  on  the  control  of  such  parameters  as  F/M  ratio  and 
amount  of  solids  to  provide  adequate  animal  popdatlons  and  to  maintain 
satisfactory  performance.^  Since  these  parameters  represent  Indirect 
measurements,  process  failure  may  occur  prior  to  actual  detection,  even 
In  the  presence  of  presvunably  normal  operating  conditions. 

lU.  Generally,  the  animal  populations  resident  within  activated 
sludge  systems  are  more  sensitive  to  changes  In  operation  than  are  other 
microorganisms  In  the  biological  community.  Introduction  of  toxic  com- 
pounds and  lack  of  adequate  aeration  are  two  conditions  that  dramati- 
cally affect  the  animal  population.  The  Imposition  of  a shock  load  may 

7 

also  affect  the  animal  population.  Data  relating  to  the  effect  of 

shock  loads  on  animal  populations  are  generally  lacking  and  represent 

8 9 

an  area  of  current  Interest.  ’ 

Extended  Aeration 


15.  Extended  aeration  Is  one  of  several  modifications  of  the  acti- 
vated sludge  process.  It  has  proven  to  be  very  effective  In  the  treat- 
ment of  flows  of  less  than  1 ragd  and  will  achieve  a high  degree  of 
treatment  efflcency  when  subjected  to  relatively  consistent  and  sus- 
tained loadings.  About  98  percent  of  the  Influent  BOD  Is  either  oxi- 
dized or  converted  to  cellular  mass  In  the  extended  aeration  tank,  re- 
sulting In  a consistently  low  soluble  effluent  BOD^.  Because  It  Is  so 
well  suited  to  low  flows,  extended  aeration  Is  the  primary  modification 
of  activated  sludge  used  In  recreational  areas.  It  operates  In  the  en- 
dogenous growth  phase  and  Is  characterized  by  a low  F/M  ratio,  usually 
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in  the  range  of  0.05-0.15  It  BOD^  per  pound  of  mixed  liquor  volatile 
suspended  solids  (MLVSS)  per  day.  In  order  to  maintain  the  desired  F/M 
ratio,  the  mass  of  microorganisms,  or  MLVSS,  must  he  controlled.  This 
is  accomplished  by  recycling  a portion  of  the  sludge  from  the  clarifier 
to  the  aeration  tank  and  then  wasting  the  excess  sludge.  Other  design 
parameters  for  extended  aeration  systems  are  given  in  Table  1. 

l6.  When  extended  aeration  was  first  developed,  it  was  thought 
that  the  long  sludge  age  would  make  possible  complete  oxidation  of  the 
sludge  produced.  However,  later  investigations  indicated  that  23  per- 
cent of  the  biological  solids  produced  were  refractory  and  could  not  be 
further  degraded. Because  the  system  cannot  handle  a continuous  build- 
up of  solids,  sludge  must  be  wasted  or  discharged  in  the  effluent,  which 
reduces  effluent  water  quality.  Because  inert  solids  are  generally 
denser  and  settle  faster  than  active  biological  solids, a major  por- 
tion of  the  solids  discharged  over  the  clarifier  weir  are  biodegradable 
organics  that  may  exert  a significant  BOD  on  the  receiving  stream  or 
lake. 

IT.  Efficient  solids  settling  and  removal  in  the  clarifier  is  of 
primary  importance  in  the  design  of  extended  aeration  systems.  Problems 
in  sludge  settling  may  be  caused  by  sludge  bulking,  denitrification,  and 
the  production  of  nonflocculant  solids.  Sludge  bulking,  caused  by  fila- 
mentous bacteria  and  usually  resulting  from  an  overloaded  system  and  low 
oxygen  levels,  will  generally  not  be  a problem  in  a properly  designed 
extended  aeration  system.  Denitrification,  which  causes  nitrogen  gas 
bubbles  and  rising  sludge,  is  probably  the  most  significant  problem  in 
an  extended  aeration  plant  at  a recreation  area.  This  problem  may  be 
minimized  by  limiting  the  time  that  settled  solids  remain  in  the  clari- 
fier. Nonflocculant  solids  are  produced  at  low  organic  loadings  and 
lack  the  ability  to  flocculate  in  the  clarifier.  Studies  by  Pfeffer^^ 
showed  that  suspended  solids  removal  decreases  with  loadings  less  than 
15  lb  BOD^  per  1000  cu  ft  of  aeration.  The  clarifier  cannot  perform 
efficiently  when  subjected  to  significant  increases  in  hydraulic  load- 
ings because  of  the  corresponding  increase  in  the  surface  overflow  rate. 
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Shock  Loading  Studies 

l8.  In  recent  years,  considerable  research  effort  has  been  devoted 
to  improving  the  design  and  operation  of  biological  wastewater  treatment 
systems.  The  effects  of  shock  loading  on  activated  sludge  systems  have 
been  the  subject  of  much  of  this  research.  The  effects  of  shock  loads 
or  sustained  periods  of  \inderloading  on  extended  aeration  systems  such 
as  might  be  encountered  at  recreation  areas  have  not  been  fully  investi- 
gated. This  section  will  review  selected  studies  of  the  effects  of 
shock  loading  on  activated  sludge  systems.  These  studies  reflect  po- 
tential problems  that  may  be  encountered  when  an  extended  aeration  bio- 
logical system  is  subjected  to  intermittent  loading. 

19-  One  of  the  more  recent  studies  in  the  literature  is  that  of 

g 

Sherrard  and  Lawrence,  who  evaluated  the  response  of  a laboratory- 
activated  sludge  system  with  recycle  to  a step  increase  in  loading.  In- 
cluded in  this  study  was  a relatively  complete  literature  review  of  ex- 
perimental and  mathematical  studies  of  the  problem.  Important  conclu-  i 

12  i 

sions  in  this  field  include  those  of  Eckhoff  and  Jenkins,  who  found  ; 

that  an  activated  sludge  system  with  a high  concentration  of  mixed  ! 

liquor  suspended  solids  (MLSS)  was  better  able  to  withstand  a shock 

9 

loading,  and  those  of  Krishnan  and  Gaudy,  who  found  that  an  activated 

sludge  system  with  a longer  solids  retention  time  or  sludge  age  was 

8 

better  able  to  withstand  shock  loading.  Sherrard  and  Lawrence  found 
in  their  laboratory  study  that  sludge  age  had  a greater  effect  on  re- 
moval of  organics  than  did  aeration  tank  detention  time  for  a system 
subjected  to  a step  increase  in  loading.  They  also  reported  that  for  a 
short  sludge  age , the  biomass  did  not  settle  well  when  subjected  to 
shock  loading. 

13 

20.  Adams  and  F^kenfelder  compared  the  response  of  a laboratory 
activated  sludge  system  under  organic  transient  loadings  with  that  of  a 
similar  system  operated  at  steady-state  conditions.  The  organic  tran- 
sient loads  were  varied  in  magnitude  and  duration.  A threefold  increase 
in  organic  concentration  of  the  influent  waste  for  12  hours  each  day  did 
not  affect  the  effluent  soluble  chemical  oxygen  demand  (COD)  for  a 
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period  of  several  days.  Eckenfelder' s first-order  model  for  substrate 
removal  was  found  to  be  valid  for  transient  as  well  as  steady-state  con- 
ditions , but  different  removal  rate  coefficients  were  observed  under 
transient  conditions. 

21.  Another  study  of  organic  shock  loadings  was  reported  by 

lU 

O'Brien  and  Biirkhead.  Laboratory  activated  sludge  systems  with  and 
without  recycle  were  evaluated.  The  system  with  sludge  return  withstood 
shock  loadings  considerably  better  than  the  system  without  recycle. 
Significant  concentration  increases  did  not  produce  a change  in  effluent 
soluble  COD  for  the  sludge  return  system. 

22.  Storer  and  Gaudy^^  subjected  an  aeration  system  without  recy- 
cle to  a threefold  increase  in  organic  loading  and  attempted  to  fit  the 
response  of  the  system  to  the  Monod  model.  The  system  responded  quali- 
tatively but  not  quantitatively  in  accordance  with  the  Monod  model. 
Varying  cell  yield  during  the  transient  state  was  responsible  for  fail- 
ure of  the  model  to  predict  the  biological  solids  and  substrate 
concentrations  accurately. 

23.  George  and  Gaudy^^  evaluated  the  response  of  an  activated 
sludge  system  without  recycle  to  hydraulic  shock  loads  in  a laboratory 
experiment.  A reference  level  of  8 hours'  retention  time  was  chosen, 
and  flow  rates  of  25  to  250  percent  of  the  reference  level  were  evalu- 
ated. None  of  the  shocks  caused  irreparable  disruption  of  the  system. 

In  all  cases , a new  steady  state  was  approached  that  was  predictable  in 
accordance  with  general  kinetic  theory  of  continuous  culture.  Equaliza- 
tion was  recommended  for  greater  than  100  percent  increases  of  the  ref- 
erence level  since  the  new  steady-state  effluent  values  were  higher  than 
those  of  preshock.  However,  for  increases  less  than  100  percent  of  the 
reference  level,  the  postshock  characteristics  were  not  significantly 

different  from  those  of  the  influent  value. 

17 

2h.  McLelland  and  Busch  evaluated  organic  and  hydraulic  shock 
loadings  of  a laboratory  activated  sludge  system.  They  concluded  that 
microorganisms  have  a reserve  potential  to  handle  shock  loadings.  The 
exhibition  of  this  potential  can  be  predicted,  but  the  extent  of  the  ef- 
fect cannot  be  predicted  because  of  the  resulting  physiological  changes. 
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25-  Grady  reviewed  modeling  efforts  for  the  transient  response 

of  activated  sludge  systems  and  modeled  the  activated  sludge  shock  load 

response  using  an  analog  computer.  The  model  predicted  that  the  response 

woxild  vary  based  on  the  specific  growth  rate  of  the  microorganisms  and 

the  hydraulic  retention  time  in  the  reactor.  A lower  growth  rate  prior 

to  the  shock  produced  a better  response;  and  for  a given  specific  growth 

rate  constant,  the  response  to  a shock  load  was  found  to  be  relatively 

independent  of  the  reactor  hydraulic  retention  time  prior  to  the  shock. 

However,  these  results  were  not  verified  by  experimental  data.  Burkhead 
19 

and  Wood  also  developed  an  analog  model  of  activated  sludge  systems 

20 

subjected  to  daily  periodic  loadings  using  McKinney's  equations. 

Several  activated  sludge  systems,  including  extended  aeration,  were 
evaluated. 

21 

26.  Hellier  and  Cadman  conducted  one  of  the  few  field  evalua- 
tions of  an  extended  aeration  system  at  a recreation  area.  Influent 
and  effluent  hydraulic  and  wastewater  characteristics  data  were  col- 
lected for  the  plant,  and  three  mathematical  models  were  developed  to 
simulate  operation  of  the  plant.  A first-order  kinetics  model  that 
assumes  all  of  the  influent  BOD  to  be  in  solution  and  the  aeration  tank 
to  be  a completely  mixed  system  proved  to  be  the  best  representation  of 
the  system.  Kinetics  constants  were  obtained  from  experimental  data. 

This  situation  did  not  reflect  the  more  severe  problems  of  intermittent 
loading  that  are  discussed  in  this  report. 

27.  To  summarize  the  results  of  previous  studies,  activated  sludge 
systems  can  withstand  hydraulic  and  organic  shock  loads  to  a certain 
degree.  The  ability  to  withstand  shock  loads  is  related  to  the  MLSS, 
sludge  age,  hydraulic  retention  time,  and  specific  growth  rate  of  the 
system.  First-order  kinetics  models  have  been  used  with  some  success , 
but  the  kinetics  constants  may  not  be  the  same  as  for  steady-state  con- 
ditions. The  extended  aeration  system  operates  at  conditions  that  op- 
timize these  factors,  and  thus  might  better  withstand  shock  loadings 
than  other  activated  sludge  modifications.  However,  most  of  the 
studies  in  the  literature  are  based  on  laboratory  systems,  and  the 
effluent  characteristics  are  often  described  only  in  terms  of  soluble 
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organic  concentration.  Additionally,  the  loading  fluctuations  at  recre- 
ation areas  are  much  more  severe  than  those  reported  in  these  studies. 
Reports  from  the  field  indicate  that  the  extended  aeration  package 
plants  in  use  at  recreation  areas  do  experience  significant  operational 
problems  from  intermittent  loadings  and  that  the  major  problem  is  prob- 
ably the  loss  of  solids  in  the  effluent  accompanied  by  a concurrent  rise 
in  the  effluent  organic  concentration. 
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PART  III:  MODEL  DEVELOPMENT 


1 


28.  The  approach  used  in  this  study  was  to  develop  a computer 
model  to  predict  the  performance  of  a CMAS  system  under  intermittent 
loading  conditions.  Intermittent  loadings  for  this  study  are  defined  as 
time-dependent  hydraulic  and  organic  loadings.  Parameters  to  be  con- 
sidered include  effluent  quality,  dissolved  oxygen  uptake,  and  other 
performance  indicators  related  to  biomass  response  to  intermittent 
loadings . 

29.  A functional  computer  model  to  predict  the  response  of  a CMAS 
system  to  intermittent  loading  was  developed.  The  model,  called  ASMODEL, 
is  written  in  Fortran  language  and  can  be  executed  on  the  time-sharing 
system  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station.  The 
loading  functions  selected  for  inclusion  in  the  model  may  be  discrete 

or  continuous  with  time.  A minimtim  time  interval  of  1 Hour  was  selected 
for  the  basic  time  unit  of  the  model.  This  interval  was  chosen  because 
smaller  time  intervals  would  be  more  difficult  to  define  precisely  in 
terms  of  a model  that  could  be  verified  by  laboratory  data.  For  contin- 
uous loading  functions,  an  hourly  average  loading  can  be  computed  for 
input  to  the  CMAS  model. 

30.  A schematic  diagram  of  the  model  is  shown  in  Figure  . The 
functional  model  includes  an  aeration  basin  and  clarifier  for  solids 
separation.  Any  activated  sludge  system  that  may  be  described  by  these 

two  unit  operations  can  be  modeled  by  the  approach  used  in  this  study. 

20 

Response  of  the  aeration  tank  is  described  by  McKinney's  equations. 
Soluble  food  is  the  only  source  of  BOD  considered,  and  suspended  organ- 
ics are  assumed  to  be  negligible  as  input  to  the  aeration  tank.  The 
key  descriptors  for  the  response  of  the  aeration  tank  using  McKinney's 
equations  are  the  synthesis  rate  constant,  the  endogenous  respiration 
rate  constant,  and  the  food  removal  rate  constant.  Under  conditions  of 
intermittent  loading  these  parajneters  are  assumed  to  be  a function  of 
the  state  of  the  biomass  in  the  aeration  tank  as  described  by  the  F/M 

ratio  in  the  aeration  tank.  The  performance  of  the  clarifier  is  de- 

. 22 
scribed  by  the  empirical  relationships  presented  by  Agnew.  The 
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Figui-e  it.  Flow  diagram  for  model  CMAS  system 

equations  presented  by  Agnew,  which  appear  to  he  theoretically  sound, 
are  based  on  observed  clarifier  performance,  and  were  incorporated  into 
the  model.  The  model  used  for  clarifier  performance  is  not  expected  to 
be  improved  by  using  laboratory  data  because  of  similitude  problems 
with  field  scale  units. 

31.  The  computer  program  for  the  model  uses  the  basic  1-hour  time 
unit  as  discrete  units  for  describing  the  CMAS  system.  In  this  manner, 
inputs  that  are  described  as  functions  of  time  and  response  parameters 
are  segmented  into  hourly  units.  The  complete  model  operates  over  a 
calculated  detention  period  for  the  aeration  tank  and  clarifier.  The 
hourly  responses  are  summed  over  the  detention  period  and  adjusted 
volximetrically  to  calculate  the  response.  One  detention  period  is  hy- 
draulically the  shortest  time  unit  for  presentation  of  data.  All  out- 
put parameters  are  expressed  as  the  values  calculated  at  the  end  of  an 
aeration  tank  hydraulic  detention  time.  A detailed  description  of  the 
CMAS  model  and  a program  listing  are  presented  in  Appendix  A. 
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PART  IV:  EXTENDED  AERATION  SYSTEMS 


Experimental  Laboratory  Extended  Aeration  System 


V ~ II 

1 SLUOGf  «crcif 


EFFLUENr 

COLLECTION 

BOWL 


WASTE 

Figure  6.  Schematic  diagram  of  laboratory 
extended  aeration  system 


peristaltic  p\mp  for  sludge  recycle,  and  effluent  collection  bowl.  The 
feed  solution  was  kept  at  5°C  with  an  immersed  cooling  coil  to  prevent 
microbial  decomposition  prior  to  transfer  to  the  aeration  basin.  Solids 
in  the  aeration  basin  were  completely  mixed  using  diffused  air  and  a 
motor-driven  stirrer.  The  airflow  rate  was  2 il/min  at  a pressure  of 
5 psig,  and  the  stirrer  was  set  at  250  rpm  throughout  the  study.  Air 
leaving  the  basin  passed  through  a water-cooled  condenser  to  reduce 
evaporation  losses.  Temperature  of  the  mixed  liquor  was  maintained  at 
25°C  by  continuously  circ\ilating  heated  or  cooled  water  through  baffles 
submerged  in  the  liquid.  An  oxygen  probe  was  available  for  continuous 
monitoring  of  the  dissolved  oxygen  of  the  mixed  liquor.  The  aeration 
system,  refrigeration  system,  and  dissolved  oxygen  monitoring  equipment 
were  components  of  a fermenter  manufactured  by  New  Brunswick  Scientific 
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Company.  Design  data  for  the  laboratory  system  are  given  in  Table  2. 

33.  To  allow  preparation  of  a food  source  consistent  in  concentra-  | 

tion  and  composition,  a synthetic  feed  solution  prepared  daily  from  a j 

stock  feed  concentrate  and  a stock  buffer  solution  was  selected  for  use  | 

for  laboratory  evaluations  in  lieu  of  domestic  sewage.  The  stock  feed  | 

concentrate  was  prepared  using  8 2.  of  water  obtained  from  a reverse  | 

osmosis  system.  Constituents  added  to  the  water  and  their  concentra-  \ 

\ 

tions  are  listed  in  the  following  tabulation.  j 


Constituent 

Cone  entr at ion 
mg/£ 

Weight 

S 

Ferric  chloride 
(FeCl^) 

16.8 

2.688 

Magnesium  sulfate 
(MgSO^.TH^O) 

3000 

2it.00 

Ammonium  chloride 
(NHj^Cl) 

U4l8 

35.35 

Sucrose 

^^12^22^11^ 

U800 

38.  Uo 

Bacto-peptone 

5333 

U2.67 

After  the  stock  feed  solution  was  prepared,  250-m£  aliquots  were  added 
to  plastic  bottles,  which  were  then  autoclaved  at  250°C  for  25  min, 
cooled,  capped,  and  refrigerated. 

3^.  The  stock  buffer  solution  was  prepared  using  2 Jl  of  water 
obtained  from  a reverse  osmosis  system  and  the  chemical  constituents 
listed  in  the  following  tabulation.  The  prepared  buffer  solution  was 
stored  at  k°C. 


Constituent 

Concentration 
mg/ Z 

Weight,  g 

Dipotassi\im  hydrogen  phosphate 
(K^HPOj^) 

7900 

26.00 

Potass ivun  dihydrogen  phosphate 
(KH^PO)^) 

UOOO 

10.00 

Disodium  hydrogen  phosphate 
(Na^HPOj^.TH^O) 

14700 

Ul.OO 
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j 35-  The  synthetic  feed  was  prepared  daily  hy  mixing  one  of  the 

^ previously  prepared  and  autoclaved  2^0-mZ  aliquots  of  the  stock  feed  and 

j 80  of  the  stock  buffer  concentrate  with  12  £ of  tap  water.  The  solu- 

I tion  was  well  mixed  by  water  jet  or  stirring.  Fresh  feed  solution  was 

j cooled  to  about  U°C  within  2 hours  after  preparation  and  maintained  at 

I that  temperature  throughout  the  2U-hour  flow  cycle.  The  synthetic  sub- 

f strate  formulation  is  shown  in  the  following  tabulation. 

Compound Concentration,  mg/£ 


Ferric  chloride  (FeCl^) 

0.35 

Magnesium  sulfate  (MgSOj^.TH^O) 

62.5 

Ammoni\am  chloride  (NH^Cl) 

92.0 

Sucrose 

100.0 

Bacto-peptone 

111.1 

Dipotassium  hydrogen  phosphate 

(K^HPO^) 

217.0 

Disodium  hydrogen  phosphate  (NagHPO^.TH^O) 

375.0 

Operational  procedures 

36.  The  laboratory  system  required  daily  operation  and  maintenance, 
which  was  normally  performed  at  the  beginning  of  each  workday.  Fresh 
feed  solution  was  prepared  each  day.  Old  feed  from  the  previous  day 
was  discarded  and  the  feed  tank  and  constant  head  device  were  washed. 

Flow  rate  for  the  feed  solution  and  for  the  sludge  return  was  checked 
and  adjusted  if  necessary.  The  sludge  return  rate  was  held  constant  at 
20  £ per  day,  or  200  percent  of  the  steady-state  flow  throughout  the 
experiment.  Mixed  liquor  temperature,  airflow  rate  and  pressure,  and 
the  mixing  rate  were  checked  daily  and  adjusted  if  necessary.  Clarifier 
walls  were  scraped  daily  to  remove  any  growth  clinging  to  the  walls. 
Growth  on  the  walls  of  the  aeration  tank  was  removed  by  slightly  increas- 
ing the  mixing  rate.  Since  this  was  an  extended  aeration  system,  the 
rate  of  sludge  production  was  low,  and  sludge  was  not  intentionally 
wasted  except  for  sampling  of  the  mixed  liquor  for  suspended  solids  and 
microscopic  observations.  Tubing  for  the  peristaltic  pumps  had  to  be 
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replaced  every  2 to  3 weeks  because  of  fatigue. 
Experimentai  design 


; 37.  The  laboratory  evaluation  was  conducted  in  two  parts.  The 

I first  part  of  the  laboratory  study  evaluated  circumstances  that  might 

i exist  at  recreation  areas  having  a high  day  visitation  rate  and  exclud- 

1 

I ing  overnight  campers.  This  initial  study  also  provided  insight  into 

[ the  efficiency  of  the  process  and  microbial  population  dynamics  under 

‘ steady-state  and  shock  loading  conditions  similar  to  those  studied  by 

I others.  Steady-state  conditions  have  previously  been  defined  in  Table  2. 

Prior  to  imposition  of  the  shock  load,  the  system  was  operated  at  steady 
state  for  a 20-day  period  to  establish  an  equilibrium  condition.  A dia- 

I 

f gram  of  a pulse  hydraulic  and  organic  load,  used  to  simulate  a shock 

I 

! condition,  is  shown  in  Figure  T.  The  shock  loading  pattern  was  repeated 

for  a 10-day  period  to  assess  any  cumulative  effects,  and  operation  was 
subsequently  returned  to  steady  state  to  determine  recovery. 

38.  The  second  part  of  the  laboratory  study  sought  to  simulate  a 
loading  pattern  more  typical  of  those  encovmtered  at  recreational  areas 
where  the  wastewater  treatment  system  is  severely  underloaded  during  the 
week  and  then  experiences  peak  loadings  for  one  or  more  days  during  the 
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Figure  7-  Experimental  shock  loading 
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weekend.  Five  different  intermittent  loading  patterns  were  evaluated. 
Each  pattern  consisted  of  a period  of  severe  underloading,  which  was 
varied  to  achieve  different  patterns , and  a period  of  overloading  or 
shock  loading,  which  was  always  8 hours.  Influent  substrate  flow  was 
varied  to  create  the  desired  loading  condition.  The  low-flow  rate  was 
set  at  10  percent  of  the  design  flow  or  1 t/day,  whereas  the  shock  load 
was  set  at  300  percent  of  the  design  flow  or  30  il/day.  Three  cycles 
were  evaluated  for  each  intermittent  loading  with  the  exception  of  the 
7-day  cycle,  where  six  cycles  were  evaluated;  and  the  system  was  re- 
turned to  steady-state  operation  after  the  last  cycle  of  each  intermit- 
tent loading.  The  loadings  with  shorter  periods  of  flow  were  evaluated 
first. 

Sampling  and  analysis 

39-  Performance  of  the  bench-scale  extended  aeration  system  was 
determined  by  monitoring  MLSS  and  MLVSS,  effluent  suspended  solids  (ESS) 
and  effluent  volatile  suspended  solids  (EVSS),  total  and  total  soluble 
organic  carbon  (TOC),  and  the  dissolved  oxygen  uptake  rate  of  the  mixed 
liquor.  Additionally,  total  and  soluble  effluent  COD  was  monitored  dur- 
ing the  5-  and  7-day  intermittent  cycles.  Effluent  parameters  for 
Phase  1 of  the  laboratory  study  were  measured  on  a 2i*-hour  composite 
sample  for  steady-state  days  and  an  8-hour  composite  sample  (flow  during 
the  remaining  l6  h'  'urs  of  the  day  was  zero)  during  shock  loading  days. 
The  effluent  was  i_olTected  in  a refrigerated  vessel.  During  Phase  2 of 
the  laboratory  study,  effluent  parameters  were  measured  on  grab  samples 
taken  at  30-  or  60-min  intervals  during  the  8-hour  shock  loading  period. 
The  sample  collection  schedule  is  shown  in  Table  3.  Low-flow  period 
samples  were  generally  limited  to  an  effluent  composite  over  each  low- 
flow  period.  Oxygen  uptake  rates  were  determined  once  eacii  loading  day 
during  the  sixth  hour  of  the  8-hour  run.  Analytical  procedures  are 
described  in  Appendix  B. 

Pilot  Plant  Extended  Aeration  System 


Design 

1+0.  A schematic  diagram  of  the  pilot  pi.ant  extended  aeration 


2l+ 


system  is  shown  in  Figure  8.  Wastewater  was  pumped  from  a wet  well  of  a 
municipal  sewerage  system  through  the  comminutor  to  the  surge  tank. 

From  the  surge  tank  the  wastewater  entered  the  second  aeration  tank  of 
the  treatment  unit,  where  biological  degradation  occurred.  The  aerated 
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Figure  8.  Schematic  diagram  of  extended 
aeration  pilot  plant 

contents  of  the  aeration  tank  (mixed  liquor)  flowed  through  a slide  gate, 
with  an  opening  approximately  l8  in.  below  the  water  level,  to  the  clar- 
ifier. The  suspended  solids  that  settled  in  the  clarifier  were  returned 
to  the  aeration  tank  using  an  air-lift  pump.  Clarified  liquid  flowed 
over  the  weir  and  was  discharged  back  into  the  wet  well.  A photograph 
of  the  plant  is  shown  in  Figure  9.  Figure  10  provides  a layout  of  the 
pilot  plant  used  in  the  field  study.  The  operation  of  individual  units 
of  the  plant  is  discussed  below. 

Surge  tank 

i*l.  When  filled  to  the  splitter  box,  the  aerated  surge  tank  had  a 
capacity  of  i;150  gal.  This  voliune  is  approximately  equal  to  500  gal  per 
foot  of  tank  depth  (excluding  the  bottom  1.5  ft).  The  surge  tank  was 
equipped  with  a comminutor  that  was  manually  activated  when  influent  was 
pumped  from  the  wet  well  to  fill  the  tank  to  the  desired  depth.  Waste- 
water  was  aerated  and  mixed  by  two  blowers  that  were  in  operation  15  min 
per  hour  during  the  study.  There  were  two  diffusers  in  the  surge  tank, 
each  controlled  by  a gate  valve.  Air  pressure,  which  was  measured  by  a 
gage  on  the  header  pump  for  the  diffusers,  was  set  at  3-^  psig. 
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Figure  9*  Extended  aeration  pilot  plant 


’ k2.  Wastewater  was  pimped  from  the  surge  tank  to  a splitter  box 

using  either  of  two  80-gpm  submersible  pumps.  The  splitter  box  allowed 
the  return  of  a large  portion  of  the  flow  to  the  surge  tank.  A progress- 
ing cavity  pump  was  then  used  to  pump  the  raw  waste  from  the  splitter 
box  to  the  aeration  basin. 

Treatment  plant 

1+3.  The  second  aeration  tank  in  the  treatment  plant  had  a capacity 
of  23I+O  gal.  Air  was  pumped  through  a diffuser  in  the  bottom  of  the 
tank  by  either  of  two  blowers.  These  blowers  were  controlled  by  a timer 
and  were  automatically  alternated  to  provide  for  continuous  aeration. 

I 

I The  blowers  also  served  the  sludge  holding  tank,  the  first  aeration  tank, 

1 and  the  air-lift  pumps  for  mixed  liquor  removal  from  the  first  aeration 

I .onk  and  for  return  of  the  sludge  from  the  final  clarifier.  To  prevent 

[ 

> violent  aeration  in  the  second  aeration  tank,  air  was  vented  through 

1 the  diffusers  in  the  sludge  holding  tank  and  in  the  first  aeration  tank. 

1 Air  was  also  necessary  for  the  operation  of  the  sludge  return  pumps  and 
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for  scum  removal  in  the  final  clarifier.  Air  pressure  was  regulated  at 

3*75  psig,  and  the  valve  controlling  air  diffusion  into  the  second  aera- 
i 

tion  tank  was  not  changed  during  the  study. 

i+l*.  The  sludge  return  pump  was  operated  continuously  at  10  gpm. 

The  scum  removal  pump  was  operated  manually  for  15  to  min  each  day 
to  keep  the  clarifier  free  of  floating  solids.  Sludge  and  scum  were 
returned  to  the  second  aeration  tank  throughout  the  study  period. 

Plant  operation 

i*5*  The  plant  was  seeded  with  mixed  liquor  from  an  existing  well- 
operated  extended  aeration  package  plant  to  minimize  the  time  required 
to  achieve  steady-state  conditions.  After  seeding,  the  system  was  con- 
tinuously fed  domestic  wastewater  at  a rate  approximating  the  design 
steady-state  conditions  defined  in  the  following  tabulation. 


Flow  rate,  gpd  1728  (1.2  gpm) 

Volume  of  aeration  tank,  gal  23^0 

Aeration  tank  detention  time,  hours  32.5 

Clarifier  volume,  gal  I65O 

Sludge  return  rate,  gpm  10 

Clarifier  surface  area,  sq  ft  3.69 


Design  flow  for  the  extended  aeration  pilot  plant  was  set  equivalent  to 
average  daily  flow  expected  at  a recreation  site  as  obtained  using  data 
collected  at  Arkabutla  Lake,  Mississippi,  and  Deer  Creek  Lake,  Ohio,  two 
Corps-operated  recreation  areas . The  average  daily  flow  was  found  to  be 
1.625  gpm.  Steady-state  flow  was  originally  chosen  to  be  50  percent  of 
the  design  flow.  However,  due  to  the  inability  of  the  pumps  to  achieve 
and  maintain  a flow  of  0.8125  gpm,  the  steady-state  flow  in  the  study 
was  1.2  gpm,  a rate  that  the  pumps  could  consistently  maintain.  The 
system  was  allowed  to  operate  11  days  at  steady  state  before  each  exper- 
imental period.  An  experimental  period  included  three  shock  cycles,  each 
consisting  of  5 days  at  steady  state  and  2 days  of  shock  loading.  Dur- 
ing each  day  of  shock  loading,  the  system  was  shocked  for  16  hours  and 
allowed  to  rest  for  8 hours.  A loading  scheme  for  steady  state  and  one 
experimental  period  is  shown  in  Figure  11. 

28 


J 


1 


TIME,  HOURS 

Figure  11.  Loading  schedule  for  extended  aeration  pilot  plant 


Sampling  and  analysis 


U6.  Table  k indicates  the  sampling  schedules  for  the  package  plant 
and  the  analyses  made  for  the  steady-state  and  shock  loading  phases. 

hj . The  three  primary  sampling  points  were  as  follows: 

a.  Influent  ( Inf ) . Taken  between  points  where  waste  goes 
from  the  splitter  box  and  the  tank. 

b.  Mixed  liquor  (MT).  Taken  from  the  aeration  tank  above  air 
diffuser. 

c_.  Effluent . Taken  from  the  trough  downstream  of  final 
clarifier  weir. 

Ud.  Analyses  of  both  total  and  dissolved  solids  in  the  influent 
and  effluent  were  made.  Samples  were  filtered  through  a Millipore  AP-UO 
glass  fiber  filter  to  remove  the  suspended  fraction. 

U9.  All  samples  other  than  those  requiring  immediate  analysis  were 
broken  down  into  subsamples,  preserved  if  necessary,  and  stored  at  l4°C. 
All  unfiltered  samples  for  TOC,  COD,  and  nutrients  were  blended  prior 
to  preservation.  Analytical  procedures  are  described  in  Appendix  B. 
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PART  V:  RESULTS  AND  DISCUSSION 

Laboratory  Extended  Aeration  System:  Phase  1 

Results 

50.  The  operation  of  the  activated  sludge  system  was  divided  into 
three  basic  periods:  preshock,  shock,  and  postshock.  The  performance 
of  the  system  during  these  operational  periods  is  summarized  in  Table  5- 
The  effects  of  shock  loading  on  mixed  liquor  solids  are  apparent  from 
the  change  in  values  between  operational  periods.  Since  the  percent 
volatile  solids  remained  constant  during  the  experimental  period,  it 
may  be  assiamed  that  changes  in  active  mass  were  predominately  responsi- 
ble for  changes  in  solids.  Figure  12  presents  the  actual  values  for 
MLVSS  during  the  entire  experimental  period,  and  the  peak  for  these  data 
coincides  with  the  shock  loading  period.  An  additional  data  point, 
labelled  u,  also  indicated  in  Figure  12,  reflects  the  point  at  which  a 
loss  of  solids  occurred  due  to  operational  difficulty  with  the  labora- 
tory activated  sludge  system. 

51.  Both  quantitative  and  qualitative  changes  in  mixed  liquor 
solids  shock  load  the  activated  sludge  system  with  concurrent  changes  in 
effluent  quality.  Changes  in  effluent  quality  (Table  5)  were  mani- 
fested primarily  in  changes  in  total  TOC,  ESS,  and  EVSS.  Except  for  the 
late  shock  and  postshock  periods , the  soluble  TOC  remained  relatively 
constant  throughout  the  experimental  period.  The  TOC  data  from  the  ex- 
periment are  presented  in  Figure  13  and  verify  this  observation.  A 
relatively  constant  soluble  TOC  is  expected  \inder  the  ope:^ating  condi- 
tions of  this  experiment.  A large  increase  in  soluble  TOC  would  not 
normally  occur  unless  a toxic  load  or  a very  short  hydraulic  detention 
time  were  imposed.  The  increase  in  ESS  and  EVSS  arose  from  the  un- 
steady condition  in  the  mixed  liquor  and  the  resultant  loss  of  solids. 

It  is  interesting  to  note  that  the  percent  EVSS  for  the  shock  and  post- 
shock periods  is  approximately  100  compared  with  79  for  the  preshock 
period,  implying  a greater  loss  of  active  solids  during  the  two  later 
operational  periods.  The  loss  of  solids  was  directly  responsible  for 
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the  increase  in  TOC  (Figure  13)  and  the  divergence  of  total  and  soluble 
forms  of  TOC.  The  previously  discussed  operational  upset  during  the 
preshock  period,  point  u,  is  very  evident  in  the  TOC  data  in  Figure  13. 

52.  Recovery  of  the  activated  sludge  system  during  the  postshock 
period  is  not  evident  from  the  TOC  data  (Figure  13)  although  the  solids 
data  (Fig\ire  12)  seem  to  indicate  that  it  was  taking  place.  At  this 
point  in  the  operation  of  the  system,  a divergence  in  agreement  between 
solids  behavior  and  performance  is  evident.  To  explain  these  differ- 
ences adequately,  it  is  necessary  to  examine  the  microbial  population 
dynamics  during  the  experimental  period. 

53.  Population  changes  in  the  free-swimming  ciliates  (hypotri- 
chida),  stalked  ciliates  (peritricha) , rotifers,  and  oligochaete  worms 
are  presented  in  Figures  lH-17,  respectively.  The  time  during  which 
the  shock  loading  was  imposed  is  indicated,  and  the  preshock  and  post- 
shock periods  are  defined  accordingly.  Because  the  free-swimming 

ciliates  are  the  primary  consumers  of  bacteria  in  aji  activated  sludge 
23 

system,  their  numbers  reflect  the  bacterial  population  dynamics.  With 
the  exception  of  two  time  periods,  the  free-swimming  ciliates  (Figure  lit) 
were  present  in  low  numbers  (<200/mA).  The  first  exception  is  the  pe- 
riod of  operational  upset  (day  7)  at  which  time  the  number  of  free- 
swimming  ciliates  increased  rapidly  and  returned  to  a low  value.  The 
short  duration  of  this  population  fluctuation  is  indicative  of  rapid 
recovery  and  return  to  steady-state  (baseline)  operation.  The  second 
change  in  population  is  evident  during  the  shock  loading  period.  The 
system  did  not  return  to  steady  state  after  this  fluctuation. 

5^.  The  initial  response  to  shock  loading  appears  to  be  reflected 
in  a depression  of  the  number  of  free-swimming  ciliates  as  a consequence 
of  the  stress  imposed.  At  the  onset  of  shock  loading,  the  primary  con- 
sumers (bacteria)  will  increase  in  number  rapidly  in  response  to  in- 
creased availability  of  substrate.  During  the  period  of  initial  in- 
crease iinder  shock  loadings,  the  free-swimming  ciliates  are  unable  to 
compete  with  other  secondary  consumers  and  are  suppressed.  As  the  num- 
ber of  bacteria  increase,  the  free-swimming  ciliates  respond  by  increas- 
ing in  numbers  and  will  remain  at  the  elevated  level  as  long  as  they  are 
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FigTire  l4.  Hypotrichida  population  versus  time 
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able  to  effectively  compete  for  the  bacteria.  The  presence  of  high 
numbers  of  free-swimming  ciliates  is  therefore  indicative  of  a high 
bacterial  population  and  generally  represents  a condition  of  poor  pro- 
cess performance  (high  effluent  solids  and  TOC).  The  fact  that  this 
trend  continued  into  and  through  the  postshock  period  suggests  that  re- 
covery from  the  shock  loading  requires  a substantial  time  period.  This 
fact  is  verified  by  the  performance  data  in  Table  5.  It  is  interesting 
to  note  that  the  number  of  free-swimming  ciliates  appears  to  be  higher 
during  the  postshock  period.  This  increase  is  a result  of  overpredation 
on  the  bacteria  (primary  consumers),  and  may  be  responsible  for  poor 
soluble  TOC  removal  during  this  period  (Figure  13). 

55.  The  staJ-ked  ciliates  (Figure  15)  appeared  to  respond  well 

to  the  shock  loading  condition.  Their  numbers  during  the  preshock  pe- 
riod were  low  and  stable,  indicating  a low  F/M  ratio.  At  the  onset  of 
shock  loading,  the  number  of  stalked  ciliates  increased  and  continued 
to  increase  until  the  termination  of  the  shock  period.  During  postshock, 
their  numbers  declined  and  appeared  to  approach  the  preshock  level.  In 
contrast  to  the  free-swimming  ciliates,  the  stalked  ciliates  appeared 
unaffected  by  the  operational  upset  at  day  7 and  were  not  initially  de- 
pressed during  the  shock  period.  The  behavior  of  the  stalked  ciliates 
during  shock  may  be  explained  by  considering  their  primary  food  source, 
bacteria.  During  the  initial  shock  period,  as  the  bacteria  increased, 
the  stalked  ciliates  responded  by  increasing.  This  initial  situation 
was  favorable  for  the  stalked  ciliates  because  the  niimber  of  bacteria 
were  probably  still  low  and  the  stalked  ciliates  were  able  to  compete 
effectively  with  the  free-swimming  ciliates.  This  fact  also  would  seem 
to  account  for  the  initial  depression  in  the  number  of  free-swimming 
ciliates  noted  earlier.  As  the  number  of  bacteria  increased,  the  free- 
swimming  ciliates  were  not  competitive  but  ultimately  replaced  the 
stalked  ciliates  as  the  predominate  secondary  consumers  (postshock). 

56.  The  rotifer  population  (Figure  I6)  demonstrated  a response  to 
shock  loading  opposite  that  of  the  ciliates.  Rotifers  are  usually  char- 
acteristic of  a very  stable  activated  sludge  system,  such  as  the  one 
operated  during  this  experiment.  During  the  preshock  period,  the 
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rotifer  population  was  high  and  variable.  A noticeable  increase  in 
rotifers  was  apparent  at  the  point  of  operational  upset  (day  7).  This 
response  was  very  similar  to  that  of  the  free-swimming  ciliates.  At 
the  onset  of  shock  loading,  the  rotifer  population  declined  rapidly, 
a response  also  very  similar  to  that  of  the  free-swimming  ciliates. 

This  response  was  due  largely  to  the  increase  in  numbers  of  bacteria 
and  inability  of  the  rotifers  to  compete  effectively  with  the  ciliates 
as  secondary  consimiers.  During  postshock,  the  numbers  of  rotifers  re- 
mained low,  representing  a lack  of  recovery  similar  to  that  of  the  free- 
swimming  ciliates. 

57-  The  population  response  of  the  oligochaete  worms  (Figure  17) 
was  very  similar  to  that  of  the  rotifers.  The  oligochaete  worms  are 
also  representative  of  a stable  activated  sludge  system.  The  response 
at  the  period  of  operational  upset  was  a rapid  increase  in  numbers  that 
was  sustained  vintil  the  initiation  of  shock  loading.  During  shock 
loading  the  number  of  oligochaete  worms  decreased  rapidly  and  remained 
at  this  level  throughout  the  postshock  period. 

Discussion 

58.  The  performance  of  biological  wastewater  treatment  systems  is 
dependent  on  the  maintenance  of  a proper  animal  popiUation,  both  in 
number  and  composition.  Federal  and  state  regulations  require  high 
standards  of  performance.  The  operation  of  biological  wastewater  treat- 
ment plants  to  meet  high  performance  standards  requires  constant  moni- 
toring of  the  system.  The  primary  method  of  monitoring  is  to  employ 
analytical  techniques  to  determine  directly  the  ciirrent  level  of  per- 
formance. The  use  of  biological  examinations  to  assess  treatment  system 
performance  is  practical,  but  seldom  used  exclusively,  since  they  do 
not  directly  relate  to  performance  standards.  The  principal  advantage 
of  biological  examination  is  that  it  may  indicate  impending  treatment 
plant  upset  or  failure.  Furthermore,  it  may  be  used  to  determine  the 
present  operational  state  of  the  biological  system.  Equipped  with  this 
information,  it  is  possible  in  some  cases  to  alleviate  the  problem  or 
return  the  system  to  a normal  operating  state.  The  imposition  of  a 
shock  load  on  a biological  treatment  system  is  an  example  of  a condition 
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that  could  cause  poor  process  performance.  In  this  case  hiological  ex- 
amination could  prove  to  he  useful  by  indicating  the  presence  of  a shock 
condition  that  may  not  have  been  readily  apparent.  It  may  also  be  uti- 
lized to  indicate  the  return  of  the  system  to  normal  status. 

59.  The  popiilation  dynamics  associated  with  the  activated  sludge 

2 U 

system  have  been  documented  previously.  ’ Basically  these  observations 

may  be  summarized  by  the  following: 

Predominance  of  free-swimming  ciliates  represents  a high 
F/M  ratio  and  generally  a poor  effluent  quality. 

b.  Predominance  of  stalked  ciliates  indicates  an  intermediate 
loading  and  a good  effluent  quality. 

£.  Predominance  of  rotifers  or  higher  animal  forms  (e.g. 
oligochaete  worms)  indicates  a very  stable  system  and 
excellent  effluent  quality. 

60.  Responses  of  these  biological  commimities  to  changes  in  pro- 
cess loading  are  not  extensively  documented.  The  capability  of  the 
activated  sludge  system  to  respond  to  a shock  load  is  chiefly  a func- 
tion of  its  existing  animal  communities.  Generally,  the  more  stable  the 
system  is,  the  longer  the  response  to  a shock  loading  becomes  because 
the  biological  system  must  repeat  the  animal  population  succession  cycle 
every  time  the  loading  condition  changes.  If  the  loading  condition  is 
transient,  the  response  may  be  adequate  with  only  minor  deterioration 

in  effluent  quality.  If  the  loading  condition  continues  for  a long 
period  of  time,  a new  equilibrium  must  be  established.  Any  shift  from 
this  new  loading  condition  (e.g.  return  to  normal)  requires  a readjust- 
ment of  the  animal  community.  Consequently,  the  duration  of  the  shock 
loading  period  becomes  critical. 

61.  The  fact  that  changes  in  the  equilibrium  of  an  activated 
sludge  system  can  be  detected  by  monitoring  the  changes  in  the  animal 
population  verifies  the  usefulness  of  a biological  examination.  The 
period  of  process  upset  shown  as  u in  Figures  12  and  13  was  representa- 
tive of  a short-duration  event;  and  although  performance  deteriorated 
during  this  time,  recovery  was  rapid.  The  shock  period  imposed  on  the 
experimental  system  represented  a longer  duration  event,  and  response 
occurred  during  the  initial  shock  and  postshock  phases.  Both  instances 
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resulted  in  a poor  system  performance  marked  by  substantial  and  long- 
lasting  changes  in  the  animal  community.  The  same  result  could  be  ex- 
pected of  a biological  system  treating  waste  from  a recreation  area  or 
highway  rest  area  that  woiild  be  characterized  by  long-duration  transient 
shock  loading  conditions  followed  by  a return  to  normal  operation.^ 

62.  To  extend  the  usefulness  of  the  data  presented  in  this  dis- 
cussion, relationships  between  the  animal  populations  and  process  per- 
formance were  developed.  Since  the  measurements  represent  fundamentally 

different  sets  of  variables,  canonical  correlation  analysis  was 
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employed.  This  technique  is  similar  to  the  product-moment  correlation 
analysis  commonly  used  in  statistical  analysis,  except  that  the  aim  of 
the  canonical  correlation  is  to  explore  relationships  between  sets  of 
variables.  The  canonical  correlation  analysis  may  be  interpreted 
graphically  by  construction  of  plots  composed  of  linear  combinations  of 
the  variables  in  each  set.  If  the  weight  of  each  factor  is  known,  the 
dominant  variables  may  be  extracted  and  portrayed  graphically.  The  re- 
sults of  this  analysis  are  presented  in  Figures  I8  and  19.  The  data 
points  representing  preshock,  shock,  and  postshock  conditions  are 
separated  for  convenience.  It  is  apparent  from  the  plot  and  canonical 
correlations  that  significant  interrelationships  exist  for  both  cases. 
The  plots  are  presented  in  terms  of  standard  deviations  from  the  mean 
of  the  variable  set.  In  all  cases  noted,  the  relationship  for  the 
dominant  variables  is  direct:  a positive  deviation  represents  an  in- 
crease in  the  value  of  the  variable. 

63.  In  Figure  I8,  the  dominant  biological  variable  is  the  number 
of  rotifers,  and  the  dominant  performance  or  operational  variables  are 
MLSS  and  MLVSS.  In  this  case  the  preshock  rotifer  population  is  related 
to  a low  level  of  MLSS  and  MLVSS.  During  the  shock  period,  the  mixed 
liquor  solids  rise  sharply  and  the  rotifer  population  declines  because 
of  competitive  pressures  from  the  secondary  consumers  (ciliates).  This 
is  shown  in  Figure  I8  by  the  clustering  of  points  for  the  shock  period. 
During  the  postshock  period,  the  system  tends  to  return  to  the  prior 
state  as  evidenced  by  the  shift  of  points  toward  the  preshock  data.  It 
appeairs  from  Figure  I8  that  rotifers  are  sensitive  indicators  of  shock 
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Figure  l8.  Results  of  first  canonical  analysis 
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Figure  19*  Results  of  second  canonical  analysis 
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loadings.  Thus,  the  number  of  rotifers  may  be  coupled  to  operational 
data  from  the  system  ( MLSS  or  MLVSS ) . 

6h.  Figure  19  presents  the  second  relationship  derived  from  canoni- 
cal analysis  of  the  data.  The  dominant  biological  variables  are  the 
free-swimming  and  stalked  ciliates.  The  dominant  operational  variables 
in  this  case  reflect  system  performance,  whereas  in  the  previous  case 
they  reflected  o .'ration  (mixed  liquor  solids).  There  is  a strong 
linear  interrelationship  between  the  biological  variables  and  system 
performance.  The  preshock  state  is  characterized  by  low  numbers  of 
ciliates  and  good  effluent  quality.  As  the  shock  load  is  imposed,  there 
is  a lag  prior  to  a shift  in  the  biological  community  structure  and  sys- 
tem performance.  This  lag  was  expected  and  is  a function  of  the  capac- 
ity of  activated  sludge  systems  to  assimilate  short-duration  shock 
loads.  As  the  shock  load  persists,  the  number  of  ciliates  increases 
and  effDuent  quality  deteriorates.  During  postshock,  the  effluent 
quality  remains  generally  poor  due  to  the  lag  associated  with  the  shift 
in  the  animal  community  for  the  activated  sludge  system.  Thus,  the 
number  of  ciliates  is  an  indicator  of  the  performance  expected  from  the 
treatment  system  and  explains  the  lag  observed  in  recovery. 

65.  In  discussing  the  results  of  the  canonical  analysis,  it  is 
important  to  remember  that  relationships  are  obtained  for  groups  of 
variables,  and  that  it  is  difficult  to  isolate  the  total  effect  of  only 
one  variable.  The  intent  of  the  analysis  was  to  show  a relationship 
between  animal  populations  in  the  activated  sludge  system  and  its  per- 
formance. There  exists  a very  strong  interrelationshp  between  groups 
of  variables,  and  dominant  variables  influencing  the  system  are  readily 
apparent.  The  resiilts  of  this  type  of  experiment  are  dependent  on  the 
design  operation  of  the  system  and  the  transient  condition  tested.  In 
this  case,  the  system  was  designed  to  operate  as  an  extended  aeration 
system.  The  animal  communities  observed  reflect  design  operation  and 
consequently  affect  the  types  of  changes  observed  during  a transient 
loading  situation.  It  may  be  concluded  that  the  relationships  derived 
from  this  experiment  will  remain  valid  for  other  systems  due  to  the  bio- 
logical principle  on  which  the  derived  relationships  are  based. 
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66.  The  observations  on  individual  groups  of  organisms  are  also 
critical.  The  nmber  of  free-swimming  ciliates,  a good  indicator  of 
system  upsets,  may  be  depressed  at  the  beginning  of  a shock  period.  In- 
creases in  free-swimming  ciliates  reflect  a new  equilibrium  point  in 
system  operation  although  the  transition  has  already  occurred.  The  num- 
ber of  stalked  ciliates  is  a good  indicator  of  a shock  condition  since 
a sharp  fluctuation  in  their  population  mirrors  the  shock  period  with 
only  a small  degree  of  lag.  The  rotifers  and  oligochaete  worms  are 
excellent  indicators  because  their  numbers  decrease  rapidly  in  response 
to  the  onset  of  a shock  period. 

Laboratory  Extended  Aeration  System:  Phase  2 


Results 

67.  Raw  data  for  the  second  phase  of  the  laboratory  evaluation  of 
the  bench-scale  extended  aeration  sy  .,.em  are  presented  in  Appendix  C. 

The  unit  was  subjected  to  shock  loadings  and  samples  were  taken  every 
30  or  60  min  thro\ighout  an  8-hour  shock  loading  day.  Appendix  C in- 
cludes the  results  of  effluent  analyses  for  both  total  and  soluble  TOC 
and  COD,  SS,  and  MLSS,  and  the  percent  removals  of  total  and  soluble  TOC 
and  COD  that  were  achieved  by  the  system. 

Discussion 

68.  In  the  analysis  of  the  data  from  the  second  phase,  mean  and 
standard  deviations  for  the  raw  data  for  each  loading  day  were  calcu- 
lated and  are  shown  in  Tables  6-8.  Table  6 describes  effluent  TOC  as  a 
function  of  cycle  time.  Total  effluent  TOC  values  were  considerably 
higher  than  soluble  effluent  TOC  values  during  cycle  times  of  2 and  3 
days , but  the  total  and  soluble  values  were  much  closer  during  the 
longer  cycle  times  of  U,  5»  and  7 days.  Average  TOC's  for  the  three 
loading  days  of  each  cycle  are  plotted  as  cycle  times  in  Figure  20.  The 
highest  TOC  values  occurred  during  the  3-day  loading  cycle. 

69.  To  explore  the  statistical  relationships  among  effluent  TOC 
values  for  different  cycle  times,  loading  days,  and  hourly  samples,  a 
three-way  factorial  analysis  of  variance  (ANOVA)  was  performed  on  both 
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Figure  20.  Effluent  TOC  versus  cycle  time  j 

total  TOC  data  and  on  the  soluble  TOC  data.  The  triple-order  inter- 
action, cycle-day-time,  was  used  as  an  estimate  of  sample  error.  The  ' 

ANOVA  results  are  presented  for  total  TOC  and  soluble  TOC  in  Tables  9 
and  10,  respectively. 

70.  The  results  shown  in  Figure  20  should  be  analyzed  carefully 
for  a statistical  anf  'ysis  of  the  data.  Figure  20  shows  that  the  total 
and  soluble  effluent  TOC  values  correlated  well.  This  correlation  would 
tend  to  indicate  that  the  performance  of  the  laboratory  unit  under 

stress  was  not  related  to  clarifier  performance,  but  rather  to  the  per-  , 

formance  of  the  biological  system.  If  this  were  not  the  case,  there 
would  be  a deviation  between  total  TOC,  which  reflects  the  contribution 
of  the  EVSS,  and  soluble  TOC,  which  reflects  the  performance  of  the 
activated  sludge  system.  Traditionally,  process  failures  of  extended 
aeration  systems  have  been  attributed  to  a hydraulic  overload  or  a sol- 
ids overload  of  the  system,  which  results  in  a poorer  quality  effluent.  j 

71.  The  results  of  the  statistical  analysis  indicate  a definite  i 
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relationship  between  cycle  time  and  performance  of  the  system.  This  has 
been  shown  previously  in  Figure  20,  and  the  factors  relating  to  this 
behavior  of  the  system  have  been  discussed.  Because  total  and  soluble 
effluent  TOC  values  correlate  well,  it  is  expected  that  the  results 
from  the  ANOVA  tests  on  these  dates  would  be  similar,  as  they  indeed 
are.  A nonsignificant  variation  between  days  for  a partic\ilar  sample 
would  indicate  that  the  system  performed  consistently  under  repeated 
loadings  within  the  experimental  errors  of  the  system.  A significant 
variation  for  the  cycle  time-day  interaction  would  indicate  that  per- 
formance under  repeated  cycles  is  related  to  the  length  of  the  cycle 
itself.  This  fact  can  also  be  explained  by  the  previous  discussion  re- 
garding Figure  20.  If  a particular  cycle  time  produces  process  failure, 
in  a biological  sense,  it  would  be  expected  that  this  effect  would  be 
amplified  under  repeated  application  of  that  particular  cycle  time.  A 
nonsignificant  variation  for  time  implies  that  process  performeince  was 
consistent  within  any  one  day  of  a cycle,  again  related  to  the  experi- 
mental error.  The  remaining  interactions  are  not  significant,  which 
does  not  contradict  the  previous  discussion. 

72.  It  is  obvious  from  Appendix  C that  ESS  values  were  relatively 
high  for  the  laboratory  system.  The  clarifier  did  not  return  settled 
solids  to  the  aeration  tank  efficiently,  resulting  in  denitrification. 


Extended  Aeration  Pilot  Plant 


Results 

73.  Pilot  plant  operation  and  data  collection  were  initially 
started  in  the  summer  of  1976.  However,  due  to  the  operational  problems 
encountered,  the  collected  data  were  inconclusive  and  are  therefore  not 
included  in  this  report.  However,  the  experience  gained  in  operating 
the  pilot  plant  and  in  clarifying  sampling  and  laboratory  procedures 
during  that  period  enabled  researchers  to  initiate  a second  and  more 
successful  series  of  shock  loading  studies  in  the  spring  and  summer  of 
1977.  The  study  is  composed  of  three  experimental  periods,  each  with  a 
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successively  higher  shock  load.  Each  period  includes  three  shock  cycles 
with  identical  quantitative  shock  load  and  length  of  shock.  The  data 
included  in  this  section  are  representative  of  Period  I,  in  which  the 
flow  for  shock  days  was  209  percent  of  the  average  daily  design  flow, 
and  two  shock  cycles  of  Period  II,  in  which  the  shock  load  was  302  per- 
cent of  the  average  design  flow.  At  the  time  of  this  writing,  the  pilot 
plant  study  has  not  been  completed.  A third  shock  cycle  for  Period  II 
is  in  progress,  to  be  followed  by  Period  III,  in  which  the  shock  flow 
will  be  approximately  ^+00  percent  of  the  design  flow. 

7^.  The  results  of  the  laboratory  analyses  made  during  experi- 
mental Periods  I and  II  are  shown  in  Table  11.  Tables  12-l6  present  the 
results  of  the  laboratory  analyses  conducted  every  3 hours  on  composite 
samples  during  shock  cycles  1,  2,  and  3 of  Period  I and  cycles  1 and  2 
of  Period  II,  respectively.  The  values,  except  for  pH,  given  in 
Table  11  for  shock  days  are  averages  of  all  the  composite  samples  ana- 
lyzed during  the  shock  loading  period.  The  values  for  pH  in  Table  11 
for  shock  days  represent  either  the  value  occurring  most  frequently 
during  the  shock,  or  in  the  cases  where  no  particular  value  occurred 
more  frequently,  the  median  value. 

75*  Influent  total  COD  loadings  for  each  day  are  shown  in  Fig- 
ure 21.  Figure  22  represents  both  the  total  and  soluble  COD  concentra- 
tions found  in  the  effluent,  and  Figure  23  shows  the  resiilts  obtained 


from  the  daily  ESS  and  EVSS  analyses. 

Discussion 

76.  It  is  obvious  from  Figure  21  that  the  total  COD  of  the  raw 
waste  varied  greatly  preceding  and  throughout  Period  I.  The  waste  was 
largely  composed  of  domestic  sewage  from  a residential  area  in  Vicks- 
burg, Mississippi,  but  also  included  wastes  from  a large  service  sta- 
tion and  several  small  businesses.  The  contributions  from  the  commer- 
cial concerns  could  account  for  the  varying  waste  composition.  As  can 
be  seen  from  Table  11,  high  influent  COD  values  were  accompanied  by 
high  influent  suspended  and  volatile  suspended  solids  concentrations, 
indicating  that  the  increase  in  COD  was  due  primarily  to  an  increase  in 
organic  suspended  solids.  In  an  attempt  to  control  the  solids  loadings 
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Effluent  total  and  soluble  COD  versus  time 


Figure  23.  Total  ESS  and  EVSS  versus  time 


and  therefore  the  widely  fluctuating  COD  concentrations,  a small 
screened  preliminary  sedimentation  basin  was  installed  at  the  head  of 
the  surge  tank  after  the  third  shock  cycle  of  Period  I.  Since  that 
time,  influent  COD  loadings  have  been  much  lower  and  have  shown  less 
daily  variation  than  previously  observed. 

77.  Because  of  the  fluctuating  COD  loadings  prior  to  and  during 
Period  I,  steady  state  was  never  really  achieved.  It  would  therefore  be 
invalid  to  make  more  than  just  general  observations  of  the  results  ob- 
tained. As  would  be  expected,  effluent  COD  concentrations  (Figure  22) 
are  somewhat  higher  during  shock  periods  than  during  steady-state  days. 

An  exception  to  this  trend  occurred  in  the  first  shock  cycle  of  Period  I, 
in  which  both  the  effluent  total  and  soluble  COD  reached  a maximum  prior 
to  the  initiation  of  the  shock  loading.  This  discrepancy  was  probably 
due  to  a high  influent  COD  loading;  but  because  of  a missing  data  point 
for  that  day  (Julian  day  171,  Figure  2l),  this  theory  cannot  be  verified. 

78.  COD  data  from  the  Period  II  shock  cycles  (Figure  22),  although 
incomplete,  support  the  general  trends  seen  in  Period  I.  The  high  solu- 
ble COD  concentration  for  Julian  day  205  is  attributed  to  experimental 
error. 

79.  The  COD  data  from  the  five  shock  cycles  seem  to  indicate  that 
the  pilot  plant  can  withstand  the  shock  loadings  without  complete  pro- 
cess failure.  Although  effluent  quality  decreased  during  shock  periods, 
it  improved  rapidly  once  the  system  returned  to  steady-state  flow. 

80.  The  ESS  and  EVSS  data  as  shown  in  Figure  23  more  adequately 
reflect  the  differences  between  shock  periods  and  steady-state  condi- 
tions. Solids  increased  significantly  with  the  onset  of  the  shock  load- 
ing period  (i.e.  hydraulic  overload  to  the  clarifier)  and  decreased  in 
concentration  to  steady-state  values  within  a day  after  the  shock  load- 
ing subsided,  with  the  EVSS  varying  with  the  ESS.  The  highest  concen- 
tration of  ESS,  25.81  mg/*.,  occurred  on  the  second  day  of  the  first 
shock  cycle  of  Period  II.  There  is  little  noticeable  difference  between 
the  ability  of  the  extended  aeration  pilot  plant  to  handle  a 200  per- 
cent shock  and  a 300  percent  shock  loading. 

81.  On  Julian  days  205  and  208  there  was  an  accidental  overflow 
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of  the  waste  sludge  holding  tank  into  the  aeration  hasin,  which  caused 
a significant  increase  in  MLSS  and  MLVSS.  This  is  reflected  in  Tables 
11  and  15. 

82.  Table  11  indicates  that  there  were  no  significant  changes  in 
pH  in  the  effluent,  aeration  basin,  or  effluent  during  shock  periods. 
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PART  VI:  CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions 


83.  A computer  model  was  developed  to  determine  the  effects  of 
intermittent  loads  on  an  activated  sludge  system.  Because  of  the  basis 
for  the  algorithm  used  for  evaluating  clarifier  performance  in  the 
model,  the  results  of  the  laboratory  and  pilot  studies  cannot  be  used 
to  verify  this  model  on  the  total  system. 

8U.  Results  of  the  laboratory  phase  of  this  study  indicate  that 
an  extended  aeration  activated  sludge  system  will  generally  perform 
satisfactorily  under  intermittent  loading  conditions.  Intermittent 
loadings  imposed  on  the  system  at  a high  frequency  (2  to  3 days)  cause 
the  biological  system  to  fail.  Repeated  loadings  at  lower  frequencies 
(6  to  7 days)  will  give  satisfactory  performance  primarily  because  of 
the  long  residence  time  in  the  reactor  resulting  from  prolonged  rest 
periods.  Traditional  failure  of  the  clarifier  system  due  to  hydraulic 
overloads  was  not  observed  in  the  laboratory  phase  due  to  extremely  low 
overflow  rates  for  the  laboratory  clarifier. 

85.  Biological  evaluation  of  the  laboratory  systems  subjected  to 


intermittent  loadings  indicated  that  fluctuations  in  the  animal  popu- 
lations within  the  reactor  were  chiefly  responsible  for  the  fluctua- 
tions in  the  performance  of  the  system.  These  fluctuations  in  animal 
populations  within  the  reactor  were  related  to  the  frequency  of  imposed 
intermittent  loadings. 

86.  Evaluation  of  the  pilot  system  demonstrated  that  intermittent 
loadings  would  produce  a failure  in  the  solids  handling  system  (clari- 
fier) due  to  the  hydraulic  overload.  This  type  of  failure  was  repre- 
sentative of  the  traditional  failures  observed  for  extended  aeration  in 
field  applications  at  recreation  areas. 

Recommendations 


87.  A pilot  scale  extended  aeration  system  should  be  evaluated  to 
establish  design  relationships  for  various  intermittent  loading 
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conditions,  and  to  determine  operational  requirements  for  field 
application. 

88.  The  differences  between  the  laboratory  and  pilot  plant  systems 
should  be  minimized  in  order  to  make  the  systems  more  compatible. 
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Table  1 


Extended  Aeration  Design  Criteria  (from  Reference  l) 

Aeration  Tank 

Detention  time,  hours  l8-36 

Sludge  age,  days  20-30 

F/M  ratio,  lb  BOD^/lb  MLVSS/day  0.05-0.15 

BOD^  loading,  lb  BOD^/lOOO  cu  ft  10-25 

MLSS,  mg/Jl  3000-6000 

Sludge  return  rate,  percent  of 

influent  flow  50-200 

Air  required,  cfm/lb  BOD^/day  1500-2000 

Clarifier 

Overflow  rate,  gal/day/sq  ft  100-300 

Detention  time,  hours 


Table  2 

Laboratory  Extended  Aeration  System  Design 

Design  flow  rate,  1/d.a.y  10 

Influent  BOD^,  mg/ I l80 

Aeration  tank 

Volume , X.  10 

Detention  time,  hours  2k 

MLSS,  mg/X  1000 

F/M  ratio,  mg  BOD^/mg  MLSS/day  0.l8 

Clarifier 

Inside  diameter,  in.  U 

Overflow  rate,  g/day/sq  ft  30 

Volume  (l8-in.  depth),  mX,  3050 

Detention  time  (200  percent  sludge 

recycle),  hours  3.7 


Tatle 


Note:  TSS  = total  suspended  solids.  VSS  = volatile  suspended  solids. 


Influent Aeration  Basin  Effluent 

SS  & .SS  & SS  & 

Hovtr  COD  VSS  £H  Temp  VSS  pH  Temp  COD  VSS  pH  Temp 


0800^  XXXX  XXX  XXXX 

0900 

1000 

1100  XXXX  XXX  XXXX 

1200 
1300 

lUOO  -^XXXX  XXX  XXXX 

1500  1 g 

i6oo 

1700  [•gXXXX  XXX  XXXX 

1800  o 
1900  ^ 

2000  XXXX  XXX  XXXX 

2100 
2200 

2300  XXXX  XXX  XXXX 

2U00, 

0100' 

0200  ^XXXX  XXX  XXXX 

0300  5 

OUOO 

0500/^  XXXX  XXX  XXXX 

0600  g 
0700  ^ 

0800J  XXXX  XXX  XXXX 


Note:  Steady-state  samples  were  taken  at  08OO  hours  of  the  influent  COD 
and  SS  and  VSS,  the  aeration  basin  SS  and  VSS,  and  the  effluent 
COD  and  SS  and  VSS.  SS  = suspended  solids;  VSS  = volatile  sus- 
pended solids. 


I 


Parameter 

Preshock 

Period 

Shock 

Postshock  ' 

Total  effluent  TOC,  rng/X. 

lU 

20 

23  ; 

Soluble  effluent  TOC,  mg/J!. 

8 

8 

10 

ESS,  mg/S. 

2h 

28 

3k 

EVSS,  mg/H 

19 

27 

33 

MLSS,  mg/Jl 

9h3 

1200 

1100 

MLVSS,  mg/il 

870 

lOitO 

920 

Percent  volatile  mixed  liquor 
solids 

87 

87 

87 

Mean  and  Standard  Deviations  of  TOC  Data 
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Table  9 

MOVA  of  Total  TOC  Data 


Source  of 

Sum  of 

Degree  of 

Mean 

F 

Variation 

Squares 

Freedom 

Square 

Ratio 

Cycle  (C) 

27,269.6152 

h 

6817. U038 

59.59* 

Day  (D) 

665.639^ 

2 

332.8197 

2.91 

CD 

3,35T.i+667 

8 

1*19.6833 

3.67* 

Time  (T) 

887.7121 

10 

88.7712 

0.78 

CT 

6,772.1517 

UO 

169.3038 

1.1*8 

DT 

1,883.8606 

20 

9l*.1930 

0.82 

Error 

9,152.3666 

80 

llU.Uol+6 

— 

* Significant 

at  0.05  level. 

Table  10 

ANOVA  of  Soluble  TOC  Data 

Source  of 
Variation 

Sum  of 
Squares 

Degree  of 
Freedom 

Mean 

Square 

F 

Ratio 

Cycle  (C) 

1*830.9338 

1* 

1207.7333 

1*7. 1*9* 

Day  (D) 

1*9.9758 

2 

2U.9879 

0.98 

CD 

810.6303 

8 

101.3288 

3.98* 

Time  (T) 

53.5273 

10 

5.3527 

0.21 

CT 

123l*.5333 

1*0 

30.8633 

1.21 

DT 

576.6909 

20 

28.831+5 

1.31 

Error 

2031*.  7030 

80 

25.1*338 

— 

L 


Significant  at  0.05  level 
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APPENDIX  A:  ASMODEL  DESCRIPTION 
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Model  Tasks 

1.  The  basic  tasks  performed  by  the  model  are  described  as  follows. 
A program  listing  is  presented  in  Table  Al. 

Task  1.  INITIALIZE  PROGRAM 

a.  Read  input  data 

b.  Initialize  all  constants 

Task  2.  EVALUATE  AERATION  TANK  PERFORMANCE 

a.  Determine  hydraulic  detention  time 

b.  Calculate  food  (BOD)  distribution  (including  re- 
cycle if  any) 

c.  Determine  food  (BOD)  removal 

d.  Perform  all  mass  calculations  (including  recycle, 
if  any) 

e.  Assign  values  to  output  variables 
Task  3.  EVALUATE  CLARIFIER  PERFORMANCE 

a.  Determine  hydraulic  detention  time 

b.  Calculate  performance 

c.  Calculate  recycle  conditions 
Task  1*.  PROGRAM  EXECUTION 

a.  Iterate  Tasks  2 and  3 for  specified  number  of 
intervals 

b.  Output  ASMODEL  results 


Program  Input  and  Execution  (Task  l) 


2.  The  first  group  of  variables  requested  are  IP,  N,  IHR,  FLIM, 
and  LIMMA.  These  variables  are  defined  as  follows: 

IP  = print  control  variable.  Upon  output,  ASMODEL  will  print 
the  results  of  every  IP'^h  detention  period  cycle;  thus, 

IP  = 1 will  print  the  results  of  every  cycle. 

N = number  of  loading  cycles  to  be  imposed  on  the  system. 

This  term  refers  to  the  number  of  different  hydraulic  and 
BOD  loading  cycles  to  be  processed  by  ASMODEL.  N must  be 
the  same  for  both  the  BOD  and  flow  parameters. 
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IHR  = numter  of  hours  specified  by  one  loading  cycle  for  BOD 
or  flow.  The  combination  of  N and  IHR  will  produce 
N X IHR  hourly  loading  cycles  to  ASMODEL.  (Note:  N 
and  IHR  must  be  integers  and  > O). 

FLIM  = limiting  food  condition  for  endogenous  respiration  or 
system  failure,  mg/H.  This  value  must  be  specified 
(it  may  be  zero),  and  the  user  should  note  that  food 
distribution  (see  Task  2d)  will  affect  the  decision 
made  by  querying  FLIM. 

LIMMA  = limiting  active  mass  concentration  in  mg/ I in  aeration 
tank  for  system  failure. 

3.  The  next  variable  set  required  is  the  BOD  loading  cycles.  N 
are  required.  Input  is  in  mg/l  and  must  be  positive. 

U.  The  next  variable  set  is  the  flow  loading  cycles.  N are  re- 
quired. Input  is  in  million  gallons  (MG)  and  must  be  positive.  The 
user  must  specify  sufficient  flow  data  in  the  N cycles  so  that  the  N x 
IHR  hourly  flows  will  require  one  aeration  tank  detention  time  to  proc- 
ess. Failure  to  meet  this  condition  will  result  in  unsatisfactory 
ASMODEL  performance.  Another  requirement  is  that  N x ihr  must  be  less 
than  200  under  present  program  constraints.  ASMODEL  will  convert  flow 
and  BOD  loading  data  into  hourly  form  based  on  the  values  specified  by 
N and  IHR.  At  present  limits,  the  hydraulic  detention  time  must  be  less 
than  ho  hours. 

5.  The  next  variable  set  includes  IMAX,  AVOL,  CVOL,  CSA,  Fl(l), 
MAI(I),  MASS,  KM,  KE,  KS,  WMASS,  and  MLVSS.  These  variables  are  defined 


as  follows : 


IMAX  = maximum  number  of  loading  cycle  iterations  to  be  per- 
formed by  ASMODEL.  Numerically  it  is  equal  to 

NxIHR 
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AVOL  = Aeration  tank  volume,  MG 
CVOL  = clarifier  volume,  MG 
CSA  = clarifier  surface  area,  sq  ft 
Fl(l)  = initial  BOD  concentration  in  the  aeration  tank,  mg/l 
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MAl(l)  = initial  active  mass  concentration  in  the  aeration 
tank,  mg/Jl 

MASS  = initial  mass  (MLSS)  concentration  in  the  aeration 
tank,  mg/t 

KM  = metabolism  constant,  hr~^ 

KE  = endogenous  respiration  constant,  hr  ^ 

KS  = synthesis  constant,  hr~^ 

WMASS  = maximum  concentration  of  mass  (MLSS)  in  the  aeration 
tank  before  wasting  is  required,  mg/i 

MLVSS  = initial  volatile  suspended  solids  concentration  in  the 
aeration  tank,  mg/ll 

ASMODEL  does  not  allow  a zero  start  (i.e.  Fl(l),  MAl(l),  or  MASS  = O). 

If  a zero  start  is  requested,  program  output  may  not  be  reliable. 

6.  Upon  receipt  of  all  required  input  data,  ASMODEL  will  execute  i 

print  requested,  output  data,  and  ask  the  user  if  he  wishes  additional 

iterations  on  the  same  data  base.  If  the  response  is  positive  (integer 
> O),  the  program  will  continue  and  query  for  additional  iterations 

upon  completion  of  output.  If  the  response  is  zero  (O),  the  program  i 

will  terminate  and  query  the  user  if  he  wishes  to  start  ASMODEL  on  an- 
other data  base.  A response  of  one  (l)  will  reinitialize  ASMODEL  and  , 

request  all  input  data.  Any  other  response  will  terminate  the  program. 

7.  The  performance  and  utility  of  ASMODEL  is  directly  dependent 
on  the  validity  of  user  input  data.  Illogical  output  will  be  produced 
if  improper  data  are  input.  The  sensitivity  of  ASMODEL  has  not  been 
determined. 

Program  Operation 


Task  2a 


where 

DT  = hydra’olic  detention  time  (hour) 

R =■  residual  time  from  last  cycle 
K = Q index 
J = Q index 

Q = sum  of  influent  and  recycle  flows 
K and  J are  determined  by  iteration  such  that  the  following  condi- 
tions are  met: 

k+1 

> AVOL  (£ 


Then  one  of  the  two  following  options  is  exercised: 

a.  If  K > J,  calculate  DT 

b.  If  K > J,  then  K-J=N-J+K(N  defined  previously)  and 
calculate  DT. 


Task  2b 

9.  Before  the  performance  of  the  aeration  tank  is  calculated,  the 
BOD  loading  received  over  one  detention  period  must  be  distributed  with 
respect  to  time.  The  philosophy  is  that  for  a completely  mixed  system, 
retention  of  food  within  the  system  is  a function  of  the  system  flow 
regime.  A distribution  matrix  is  calculated  for  each  hourly  loading 
and  assumes  an  upper  triangular  form  for  input  to  the  performance 
calculations . 

10.  The  distribution  function  used  by  ASMODEL  is: 


C = C e 
o 


-t/DT 


where 

C = concentration  in  reactor  effluent 

C = initial  influent  concentration 
o 

t = cumulative  resident  time 

It  is  further  assumed  that  all  food  is  removed  (hydraulically)  from  the 
system  in  two  detention  periods;  thus,  the  distribution  function 


(D  = distribution  coefficient)  becomes: 


o 

o 


The  distribution  function  is  combined  with  the  hydraulic  loading  in  the 


loading  matrix  as 


L.,.  = BOD.  • Q.  • D7AV0L  + BOD 
1 J 1 1 j r 


where 


L. , = BOD  concentration  in  the  reactor  for  the  i^^  period  and 

distribution 

BOD.  = influent  BOD  concentration  for  the  i^^  period 
1 

Q.  = flow  for  the  i period 
^ th 

D.  = j distribution  coefficient 
0 

BOD^  = initial  or  recycle  BOD  concentration 


Task  2c 


11.  The  equation  for  BOD  removal  is  given  by  McKinney  and  Gram 


KMt  + 1 


where 

F = remaining  food  concentration 

F.  = influent  food 
1 

t = detention  time 

For  use  in  ASMODEL,  Equation  6 has  been  modified  to  accept  the  loading 
matrix  defined  in  the  previous  task.  In  this  case  t becomes  the 
effective  detention  time  within  the  aeration  tank  and  the  remaining  food 
is  calculated  by  the  following  equation: 


DT-i+1 

1 

J=1 


KMt  + 1 


A5 


where  t=DT-i-j+2.  The  amount  of  food  removed  is  calculated  hy 
difference  and  used  later  for  determining  oxygen  requirements.  The 
residual  food  is  added  to  the  next  aeration  tank  cycle. 

Task  2d 

12.  After  the  residual  food  concentration  has  been  determined,  the 

2 

next  step  by  McKinney's  scheme  is  to  calculate  the  mass  relationships 
for  the  aeration  tank.  The  approach  used  is  similar  to  McKinney's  but 
does  not  include  a term  for  inert  organic  mass.  The  program  section  for 
this  task  is  composed  of  the  following  sections : 

a.  Calculation  of  mass  relationships 

b.  Correction  for  endogenous  respiration 
c_.  Correction  for  recycled  mass 

These  operations  are  integrated  to  impart  continuity  to  the  mass  terms 
within  the  program. 

13.  The  mass  terms  are  calculated  in  a similar  format  as  residual 
food  in  that  all  terms  are  partitioned  into  matrix  form;  thus  the  follow- 
ing equations: 


DT 

MA.,.  = y 

1 J 


i=l 


DT-i+1 

s 

j=l 


1/t  + KE 


(8) 


where 

MA  = active  mass  matrix 
F = residual  food  matrix 

t = "effective"  detention  time  = DT  - i - J + 2 
Similarly,  for  the  other  mass  quantities 


DT  DT-i+1 

= I I 

i=l  j=l 


0.23  • KE  • MA. , . • t 
1 J 


(9) 


where  ME  = endogenous  mass  matrix  and 

DT 

I 

i=l 


“i’j  = 


DT-i+1 

X 0.10  (MA  , + ME  , ) 

i=l  ^ J ^ J 


(10) 
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where  MI  = inert  mass  matrix  and  the  total  mass  = 

DT  DT-i+1 

X X MA  , + ME  + MI  , (11) 

i=l  j=l 

li;.  Correction  for  endogenous  respiration  is  performed  either  with- 
in a loading  period  (hourly)  or  for  an  entire  detention  period  according 
to  the  following  decision  matrix: 


F < FLIM 


yes 

no 

ENDl 

END2 

where 

F = s\mi_of  remaining  food  (see  Equation  T) 

F^,^  = remaining  food  for  the  i^^  period 
FLIM  is  a user-assigned  variable,  and  condition  ENDl  dominates  in  all 
cases.  If  any  conditions  are  met,  the  following  calculations  are  per- 
formed to  correct  for  endogenous  respiration  within  the  system. 


ME  = ME  - 0.23  • KE  • MA  • t 


(12) 


MASS  = Mass  - O.TT  • KE  • MA  • t 


(13) 


MA  = MA  - KE  • MA  • t 


ilk) 


where 


t 


il,  for  END2 
[DT,  for  ENDl 


15.  Correction  for  recycled  mass  is  a procedure  for  accounting  for 
mass  residence  within  the  system  (sludge  age).  The  controlling  variable 
is  WMASS,  the  limiting  mass  accmulation  in  the  aeration  tank  prior  to 
wasting.  If  the  total  mass  exceeds  WMASS,  wasting  is  performed  and  the 
mass  constituents  are  reduced  proportionally  to  their  ciirrent  values 
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within  the  system.  This  condition  is  checked  for  every  iteration  and 
assures  equilibriiom  under  steady-state  operation. 

Task  3a 

l6.  Task  3 of  the  program  evaluates  the  performance  of  the  clar- 
ifier and  establishes  recycle  conditions  for  the  system.  The  first  step 
within  this  section  of  the  program  is  to  establish  the  clarifier  deten- 
tion time  (Task  3a).  Since  the  clarifier  volume  is  assiamed  to  be  smaller 
than  that  of  the  aeration  tank,  its  hydraulic  detention  time  is  smaller. 
Thus,  for  any  given  aeration  tank  cycle,  multiple  clarifier  cycles  will 
be  produced.  Furthermore,  since  the  flow  is  offset  by  the  detention 
period  of  the  aeration  tank,  the  clarifier  performance  must  be  evaluated 
in  terms  of  Q(t  + DT)  . ASMODEL  produces  output  in  terms  of  aeration 
tank  cycles;  therefore,  multiple  cycles  of  clarifier  output  are  required. 
ASMODEL  evaluates  clarifier  performance  for  sufficient  cycles  to  equal 
the  aeration  tank  detention  time,  and  produces  as  output  the  average 
clarifier  perfomiance. 

IT.  Determination  of  clarifier  hydratilic  detention  time  follows  a 
similar  procedure  to  that  outlined  in  Task  2a.  The  flow  is  offset  by 
the  hydraulic  detention  time  of  the  aeration  tank. 

Task  3b 

l8.  Evaluation  of  the  clarifier  performance  is  made  by  use  of  the 
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equations  developed  by  Agnew.  These  equations  are  based  on  analysis 
of  operational  clarifiers  and  involve  the  use  of  the  following  equations: 


OFR  = 


CVOL  • Zh  • 10 
CSA  • CLDT 


where 


OFR  = clarifier  overflow  rate 
CLDT  = clarifier  detention  time 


SVI  = 5^0  • A 


U.39T 


,0.213 


where 


SVT  = sludge  volume  index 


A = percent  volatile  solid 
B = F/M  ratio 


and 


M = 
r SVI 


where  is  the  maximxiin  return  sludge  concentration 


and 


ESS  = 


382  • 


MLSS°'^^  • CLDT°'°^ 


where 


ESS  = effluent  suspended  solids 
MLSS  = mixed  liquor  suspended  solids 


and 


P = 


SVI  • MLSS 


10 


where  P is  the  percent  recycle  flow 
and 

MLSS  • DT 


SA  = 


ESS  • 2h 


1 


(17) 


(18) 


(19) 


(20) 


where  SA  is  the  sludge  age  (clays). ^ Additionally,  a mass  balance  is 
made  anound  the  clarifier  to  check  the  accuracy  of  the  above  calculation 
for  each  clarifier  cycle. 

Task  3c 

19.  The  recycle  parameters  are  calculated  for  each  clarifier  cycle 
and  stored  in  arrays  for  use  in  the  next  aeration  tank  cycle.  These 
calculations  are  made  for  food,  active  mass,  total  mass,  inert  mass,  and 
flow,  and  in  general,  assme  the  following  form: 

R = X • P • Q (t.  + DT)  (21) 
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where 


R = concentration  of  recycled  parameters 

X = concentration  of  parameter  X in  aeration  tank  effluent 
P = percent  recycle 

"fch 

Q (t^  + DT)  = offset  flow  for  the  i period  in  the  clarifier  cycle 
As  mentioned  previously,  all  terms  are  saved  for  the  next  iteration  of 
the  ASMODEL. 

Task  ha. 

20.  This  program  section  allows  for  iteration  of  ASMODEL  for  a 
user-specified  number  of  loading  cycles.  During  iteration  all  program 
parameters  are  saved  for  subsequent  cycles,  and  provisions  are  made  for 
continuity  of  the  model. 

Task  ^b 

21.  Task  ifb  is  the  program  logic  that  outputs  the  results  of 
ASMODEL.  All  output  parameters  (Table  A2)  are  saved  for  each  model 
cycle  and  printed  under  user  control  at  the  end  of  ASMODEL  iteration. 
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Table  A1 

ProRram  Listing 


OH/17/77 


FILE  • NLB 


11119 


PAGE  1 


0010 

0020 

0050 

ooao 

OObO 

0060 

0066 

0067C 

006aC 

0069 

0070 
0079 

ooao 

ooa9 

0090 

0091 

0092 

0093 
0099 

0095 

0096 

0097 

0099 

0100 

0109 

0110 
OlllC 
01  12C 
0120 
0121 
0122 

0124 

0125 
0130 
0140 
0150 
0160 
0170 

oiao 


dimension  IFLAG (2) ,0(200) ,UHR (200) >FPbR( 100 ),F00D (40,80) 
DIMENSION  F (40,30),OUT(100,14),CSUM(6) 

DIMENSION  FI(50),SUm21(50),PCF (100) 

REAL  MAI(50),MASI(50),LIMMA 
REAL  LOAO(500),LOADHR(500),ma(40,30) ,ME(40,30) 

REAL  MASS, 1FX,KM,KS,KF,MLVSS,MI (40,30) 

2000  NRDE  (6,1007) 

READ  INPUT  DATA 

MRITE  (6,1001) 

READ,  IP,n,IHR,FLIM,LIMMA 
NRITE  (6,1002) 

READ,  (LOAD(I),lBl,N) 
mRITE  ( 6,1003) 

READ,  (0(I),I«1,N) 

SUMl  s 0,0 
SUM2  a 0,0 
DO  5 I a 1,50 
FKl)  a 0,0 
SUM21(I)  a 0,0 
MAI(I)  a 0,0 
5 MASI(l)  a 0,0 
WRITE  (6,1004) 

20  READ,  IMAX,AVOL,CVOL,CSA,FI ( 1 ) ,MAI ( 1 ) , MASS , KM ,KE , KS, NMASS , ML VSS 

WRITE  (6,1005) 

XKE  a KE 

INITIALIZE  PROGRAM  CONSTANTS 

SALAS  a 30,0 
ILAS  a 1 

SUM2I(1)  a MASS  - MLVSS 
DO  2001  I a 1,100 
2001  RCF(I)  X 0,0 
DO  21  1 a 1,2 

21  IFLAG(I)  a 0 

IF  ( IHR  ,LE,  1 ) go  to  101 
K a 0 

DO  100  I a 1,N 
DO  100  J a 1,  IHR 


0190 

K S K ♦ 

1 

0200 

LOAOHR(K) 

c 

LOAD(I) 

0210 

100 

OHH(K) 

s 

0(1  ) 

0220 

N a K 

0230 

GO  TO  102 

0240 

lot 

DO  103 

I 

a 1 ,N 

4250 

LOAOMR(I) 

s 

LOAO(l) 

<2a0 

103 

OHR(I) 

■ 

0(1) 

102 

lENO  a 

0 

m 


WMlABlt  OT'( 


/a« 

/a 


OT  a 0,0 
IFLAGM  a 
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0282  ICNT  ■ 0 

0290  RLOAO  ■ 0,0 

0300  II  ■ 0 

0310  RESVOL  B 0.0 

0320  2S0  IF  ( ICNT  ,GT.  IMAX)  GO  TO  810 

0321C  DETERMINE  AERATION  TANK  DETENTION  TIME 

0322C 

0330  IJ  « IEnO 

0300  II  s II  1 

0350  TOTO  » RESVOL 

0360  IC  s IENO 

0370  ISTARt  » IC 

0380  GO  TO  113 

0390  111  TOTO  « TOTQ  ♦ OHR(IC)  ♦ RCE(IJ) 

OaoO  113  IE  ( TOTQ  ,GT.  AVOL)  GO  TO  110 

0410  IC  ■ IC  + 1 

0420  IJ  s IJ  ♦ 1 

0421  IE  ( IJ  ,GT,  100)  IJ  » 1 

0430  IE  ( IC  ,GT,  N)  GO  TO  901 

0440  GO  TO  111 

0450  901  ICNT  B ICNT  ♦ 1 
0460  IC  s 1 

0470  GO  TO  111 

0480  110  lEND  ■ IC 

0510  IF  I IC  ,LE.  ISTART)  GO  TO  112 

0520  LIM  ■ IC  - I - ISTART 

0530  OT  8 OT*LIM+(AVOL-(TOTO-QHR(IC)-RCE (IJ) ) )/ 

0540&  (OHR(IC)  * RCE  (IJ)) 

0550  GO  TO  115 

0560  112  LIM  BN.  ISTART  t 1C  - 1 

0570  OT  s DT»LIM+(AV0L-(T0T0-0HR(IC)-RCF(IJ)))/ 

0580S  (OHR(IC)  * RCE (IJ)) 

0590  115  RESVOL  * TOTO  - AVOL 

0591C  CALCULATF  FOOD  DISTRIBUTION 

0592C 

0594  LIM  B DT 

0600  XK  8 1,0/OT 

0610  rSTOP  8 2*LIM 

0620  USUM  s 0,0 

0630  DO  120  J B l.ISTOP 

0640  FPER(J)  8 EXP(>J*XK) 

0650  120  USUM  B USUM  ♦ FPER(J) 

0660  DO  121  J a I.ISTOP 

0670  121  FPER(J)  a FPER(J)/USUM 

0680  ALOAD  8 0,0 

0690  IC  8 ISTART  * 1 

0700  DO  130  K 8 l.LIM 

0710  00  131  J 8 UlSTOP 

0720  131  FOOD(K,J)  s LOAOHH ( IC ) AFPER ( J ) •OHR ( I C ) / A VOL ♦F  1 (K  ) 

0730  IC  8 IC  ♦ 1 
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0700  130  U ( IC  .GT.  N)  IC  » 1 

071>0  EOOOi’.n  ■ EOODd.l)  ♦ HLOAO 

0760  00  1 3b  J X UISTOP 

0761  IE  I (JMH(IC)  ,ll.  0,0001  ) GO  TO  lib 

0770  FOOOCK.J)  X FOOO(K,J)*(  )HH(IC)*HCF(IJ)-RESV0L)/(0MH(IC) 

077U  eRCKIJ)) 

0772  lib  CONTINUE 

077iC  AERATION  TANK  PEREORHANCE 

07  7ac 

0780  OU  13V  I X 1,40 

0790  00  139  J X 1,30 

0600  139  E (I,J)  X .1,0 

0810  IDT  X DT 

0820  EOT  X DT  - IDT 

0830  IF  ( IFLAG(l)  ,EO,  0)  GO  TO  2200 

0831  lELAG(l)  X IFLAGCl)  - 1 

0832  KS  X KS*EXP(.IEX/10,0) 

0841C  DETERMINE  FOOD  REMOVAL 

0842C 

08SO  2200  DO  IbO  I x 1,LIM 
0860  KENO  X LIM  - 1 ♦ 1 

0870  COT  X DT  . I ♦ 1 

0880  DO  ISl  J X 1,KEND 

0890  COT  X COT  - J ♦ 1 

0900  IE  ( COT  ,LT,  0,001)  GO  TO  150 

0910  Ibl  F(1,J)  X FOODd  ,J)/(KM*C0T  ♦ 1,0) 

0920  F(1,J)  X FOODd ,J)»FDT/(KM*COT  ♦ 1,0) 

0930  IbO  CONTINUE 

0940  SUM  X 0,0  ^ 

0941  EREM  X 0,0 

0950  00  170  I X 1,LIM 

0960  00  170  J X 1,30 

0970 

0980  171 

0990 
1000 

1010  170 

1030  174 

1090 
lObO 
1060 
1061C 
1062C 
1070  160 

1060 
1090 
1110 
1120 
1130 
1140 


IE  ( Fd,J))  170,171»171 
ALOAD  X ALOAO  * FOODd, J) 

SUM  s SUM  4 F(I,J) 

FREM  X EREM  ♦ FOODd, J)  . Fd,J) 
CONTINUE 

IE  ( SUM  ,GT,  ELIM*DT**2/2,0)  GO  TO  160 
lELAG  (1)  X IELAGCI)  * 1 
IFX  X IFX  ♦ DT 
GO  TO  169 

00  ALL  mass  CALCULATIONS 

KE  X XKE*EXP(-OUTdl  ,b)  ) 
lEX  B IFX  . OT 

IE  ( IFX  ,LT,  0,0)  lEX  X 0,0 
DO  161  I X 1,LIM 
IE  { IELACM  ,E0,  1)  CO  TO  177 
RATMA  b sumi/mass 

RATMI  X SUM2/MASS 


! 

J 
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177 

SUMl  I SUMl  ♦ MAI  (I  ) 

ns? 

MASS  s MASS  * MASl  (I  ) 

nsi 

SUM2  * SUM2  * SUM2I(n 

nsa 

IF  ( mass  ,LT,  mMASS)  go  to  165 

nss 

MASS  s mMASS 

1160 

SUMl  3 MASSaRATMA 

1170 

SUM?  3 MASS*R«TMI 

1171 

IFLAGM  3 1 

llHl 

165 

IF(K1,1)  .LT,  FLIM)  GO  TO  163 

1190 

KfcNO  3 LIM  • I ♦ 1 

1?00 

COT  3 OT  - I ♦ 1,0 

1?10 

00  162  J 3 IfKENl) 

1??0 

COT  3 COT  - J ♦ 1,0 

1?30 

IF  ( COT  ,LT,  0.001)  GO  TO  161 

1?40 

MA(I,J)  3 KS»F (I,J)/(1.0/C0T  ♦ KE) 

1250 

SUMl  s SUHl  ♦ M4(I,J) 

1260 

Mttl.J)  3 0,25*Kt*MA(l,J)*COT 

1270 

MKI.J)  3 0.10*CMA(I,J)  ♦ Mt(I,J)) 

1260 

SUM?  3 SUM?  ♦ MKI.J) 

1300 

162 

MASS  3 MASS  ♦ MA(I,J)  f Mtd.J)  ♦ MI(I,J) 

1310 

GO  TO  161 

1320 

163 

SUM?  3 SUM?  ♦ SUm1«0,?5aKE 

1321 

MASS  3 MASS  » 0,77»SUMI»kE 

1330 

SUMl  3 SUMl  • SUMl*KE 

1333 

IF  ( RATMI  .GE,  1,0)  RATMI  s 0,99 

133a 

IFLAGM  X 0 

1360 

161 

CONI INUt 

1365 

1 75 

OSUM  3 MASS  » SUM? 

1370 

GO  to  185 

1360 

169 

SUM?  3 SUM?  * SUMl*0.?3*KE*0T 

1361 

MASS  3 MASS  • 0,77*SUM1*KE*OT 

1390 

SUMl  3 SUM!  - SUMl*Kt*0T 

1391 

IFLAGM  3 0 

1400 

165 

02  3 (l,50*FRtM  • 1 ,4?»0SUM/SALAS)/DI 

1401 

OUTIinU)  3 02 

1420 

RLOAO  3 0.0 

1430 

IN  3 1 

1440 

IF  ( LIM  ,lT.  ISTOP)  go  to  140 

1450 

IN  3 lIM  . ISTOP 

1460 

140 

DO  141  K 3 IN, LIM 

1470 

I8T  3 LIm  » K ♦ ? 

1460 

*SUM  3 0.0 

1490 

00  142  J 3 1ST, ISTOP 

1500 

142 

XSUM  3 XSUM  ♦ F000(K,J) 

ISIO 

141 

RLOAO  3 RLOAO  ♦ XSUM 

1520 

IF  ( SUMl  ,GT,  LIMMA)  go  10  180 

1530 

KM  3 KM*SUM1/LIMMA 

1540 

GO  TO  161 

1550 

160 

IFLAG(?)  b 0 

1551C 

OUTPUT  variable  assignment 

(Continued) 
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lSb2C 

ISSS 

1560 

1561 
1570 
1580 
1590 
1600 
1620 
16i0 
1690 
1650 
1660 
1661C 
1662C 
1670 
1680 

1690 

1691 

1692 
1700 
1710 
1720 
1710 
1732 
1 7 34 
1735 

1740 

1741 
1742C 
1 74  3C 
1750 
1760 
1770 
1780 

1790 

1791 

1792 
1800 
1810 
1820 
1830 
1840 
18508 
1860 
1870 
18808 
1890 
1900 
1910 


KM  a IS.O 

181  OUTdl.l)  a SUM 

0UT(I1,5)  a ALO*0  * 24 , 0/ (OT*MASS ) 
0UT(11,2)  a SUMl 
OUTCIUl)  a HASS 
0UT(IU4)  a (MASS  • SUH2)/HASS 
0UT(I1>6)  a DT 
DO  220  I a 1,50 
FI(I)  a 0,0 
HAKI)  a 0,0 
MASKI)  ■ 0,0 
220  SUM2I(I)  a 0,0 

CLAKIFltH  PtRFORMANCE 

ICN  a IfcMO 
ICtND  a 1 
IC  a UNO 
IK  a IC 
ILAS  a IK 
CRtSVO  a RESVOU 
CFOT  a FDT 
IJ  a 0 

LIHCt  « AVOL/CVOU  ♦ 1 
IL  a UNO 

00  234  K a 1,6 
234  CSUH(K)  a 0,0 

00  255  KKK  a 1 ,U1HCU 
IK  a ICN 

CLARIFUR  DETENTION  TIME 


TUTQ  a 0,0 

TOTO  a TOTO  ♦ CRFSVO 

201  IF  ( TOTO  ,GT,  CVOL)  GO  TO  200 
IC  a IC  ♦ 1 

IJ  a IJ  A 1 
IK  a IK  ♦ 1 

IF  ( IK  ,GT,  100)  IK  a 1 
IF  ( IC  ,GT,  N)  IC  a 1 
TOTO  a TOTO  ♦ OHR(IC)  ♦ RCF(IK) 

GO  TO  201 

200  IF  ( IC  ,LE,  ICN)  GO  TO  202 

CLOTa  IC-ICN-1-CFDTa1+(CVOL-(TOTO-QHR(1C) 
•RCF(IK)))/(0HR(IC)+RCF (IK)) 

GO  TO  205 

202  CLOT  a N.ICN-CF DT ♦ 1 ♦ I C-1 ♦ (C VOL- ( T OTU-QHH ( IC ) -HCF ( I K ) ) ) 
/(OMR(IC)fRCF(IK)) 

205  CHESVO  a TOTO  -CVOL 
ICO!  a CLOT 
CFOT  a CLOT  - ICOT 
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1910 

1940 

1941C 

1942C 

19S0 

1960 

19r0& 

1980 

1990 

2000 

2010 

2020 

2040 

20S0 

2060 

2062C 

2061C 

2070& 

2071 

2072 
207iC 
2074C 
2080 
2081 
2082 
2090 
2100 
2110 
2120 
2121 
2122 
2110 
2111 

2140 

2141 

2142 
2141 
2150 
2160 
2161 
2162 
2161 

2164 

2165 

2170 

2171 
2190C 
2191C 
2200 
2210 


IF  ( CLOT  ,LT,  OT)  go  to  206 
CLOT  a DT 

CLAHIFItR  PFRFOWMANCE 

206  OUT(ll,7)  s CVOL*24.0»10,0»*6/(tSA*CLl>T) 

0UTm,9)  a 182,0*OUT(I1,7)**0,12*OUT(11,5)»*0,27/ 
(OUT tIl,l)*«0,15*CLDT»*l ,01) 

OUTdl.lO)  a 540,0»OUT{I1,4)**4,197*OUT(I1,5)**0,211 
0UT(I1,8)  a 10,0**6/OUT(I1,10) 

0UT(I1,11)  a OUT(11,10)*OUT(I1,1)/10.0**6 
OUT  ( 11,12)  a OUT(Il,l)aOT/(OUT(Il ,9)*2fl.0) 

RM*  a OUT(ll,6)aOUT(Il,)l)*OUT(Il,2)/(OUT(Il,l)**VOL) 
RMI  a OUT(I1,8)*OUT(I1,)1)/*VOL 
RF  a OUT(Il,l)*OUT(n,ll)/AVOL 
BALaOUT (II ,l)aCVOL/(OUT (11 ,1 1 )*CV0L*0UT(I1,8)  ♦ 

ITERATE 

(1.0-OUT(I1,11 )*CVOL*OUT(I1,9))) 

IK  a ILAS 

0UT(I1,14)  a BAL 

RtCTCLE 

00  210  K a ICENO.IJ 
IK  a IK  ♦ 1 

IF  ( IK  .GT,  100)  IK  a 1 
FI(K)  a RF»OMR(IL) 

M*I(K)  a RMA*0HR(IL) 

MASI(K)  a RMI*OHR(IL) 

SUM2I(K)  a MASI (K)*(l ,0-OUT (1 1 ,4) )*OHR(IL) 

RCF(IK)  a OUT(I1,11)*OhH(IL) 

IL  a IL  ♦ 1 

210  IF  ( IL  ,GT,  N)  IL  a 1 
ILAS  a IK 

ICENO  a IJ  4 1 
00  212  K a 1,6 
KK  a K ♦ 6 

212  CSUM(K)  a CSUM(K)  ♦ 0UT(I1,KK) 

ICN  a IC 
255  CONTINUE 

SALAS  a 0UT(I1,12) 

00  211  K a 1 ,6 
KK  a K ♦ 6 

CSUM(K)  a CSUM(K)/L1MCL 

211  OuT(I1,KK)  a CSUN(K) 

251  OT  a 1,0  - FDT 

GO  TO  250 

OUTPUT  VALUES 

810  00  801  I a 1,11, IP 

801  WRITE  ( 6,4)  (0UT(I,J),Jal,14) 
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22«0  U format  (/10X,SF10.2) 

2201  MRITb  (6.1000) 

2202  1000  format  (/lOX.'OO  YOU  MISH  FURTHER  ITERATION, 

220iK,  ENTFR  NUMBER--—*/) 

2200  READ.  ImaX 

2205  IF  ( IMAX  ,EO.  0)  GO  TO  2002 

2206  II  ■ 0 

2207  ICNT  « 0 

2200  GO  TO  2S0 

2250  1001  FORMAT  ( 1 OX , ' I NRUT I PH  1 NT  CONTROL . NUMBER  OF 

226011  DISCRETE  LOAD InGS */ 1 OX , 'LOADING  TIME  F AC  TOR , F L IM , L IMMA */ ) 

2270  1002  FORMAT  (lOX, 'INPUT:  BOD  L OAO ING ( MG/L  ) ' ) 

2200  100^  format  (lOX, 'INPUT:  Q(MG)') 

2290  1000  FORMAT  (lOX, 'INPUT:  MAXIMUM  NO,  OF  0,T,  ITERATIONS, 

2300K  AERATION  TANK  VOLUME '/2X , 'CL ARIF  I ER  VOL . . E ( 0 ) . MA (0  ) , 

2il0&  MASS(O)  .KM. kE.KS. HASTE  MASS  LlM,,MLVSS(0)') 

2320  1005  FORMAT  ( /////5X , 'OUTPUT  FORMAT  : '// 

2330&  lOX.'F,  MA,  MLSS,  PERCENT  VOLATILE  MLSS.  F /M '/ 1 OX , 'D, T , . 

2300&  OVERFLOn  RATE,  RETURN  SLUDGE  CONC,.  ESS.  SVI'/IOX. 

235011  'PER,  RECYCLE,  SLUDGE  AGE,  02  DEMAND.  CLARIFIER  MASS  BAL,'//) 
2360  2002  mRITE  (6,1006) 

2370  1006  format  (//25X , 'PROGRAM  TERM INATE *//5X , 

237U  'DO  YOU  NISH  TO  CONTINUE:  I » YES ,ELSE»NO*/ ) 

2300  READ,  ICONTI 

2390  IF  ( ICONTI  .EO,  1)  GO  TO  2000 

2900  1007  FORMAT  ( //25X , ' ASMOOEL  START'//) 

3000  STOP 

3010  END 
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Output  Parameters 


1.  Effluent  food  concentration,  mg/J, 

2.  Active  mass  concentration,  mg/Jl 

3.  Mass  concentration,  mg/H 

4.  Percent  volatile  solids 

5.  F/M  ratio,  lb  BOD/lb  MLVSS 

6.  Aeration  tank  hydraulic  detention  time,  hours 
T.  Clarifier  overflow  rate,  gal/sq  ft/day 

8.  Maximiim  return  sludge  Concentration,  mg/J!, 

9.  Effluent  suspended  solids,  mg/£ 

10.  Sludge  voliime  index  (dimensionless) 

11.  Percent  recycle 

12 . Sludge  age , hours 

13.  0^  demand  per  pass,  mg/ li/hour 

14.  Clarifier  mass  balance  check  (dimensionless) 


APPENDIX  B:  ANALYTICAL  TEST  PROCEDURES 


1.  The  following  paragraphs  discuss  the  methods  used  for  analyzing 
samples  taken  from  laboratory  and  pilot  plant  extended  aeration  studies. 

Biochemical  Oxygen  Demand 


Apparatus : 

YSI  Model  51-A  D.O.  Meter  and  BOD  probe 

Low  temperature  incubator 

300-m)l  BOD  bottles 

BOD  bottle  caps  (plastic) 

Reagents : 

See  Standard  Methods , 13th  Edition^^ 

Alpha-Trol  Commercial  standard  solution 

Procedure : 

BOD  analyses  were  run  in  accordance  with  Standard  Methods. 

A membrane  probe  was  used  to  measure  the  dissolved  oxygen 
content.  The  BOD  probe  and  D.O.  meter  were  calibrated  using 
the  Winkler  Method  as  outlined  in  Standard  Methods.  Filtered 
samples  were  obtained  using  Gelman  Type  A/E  filters. 

Residue  (Solids,  Suspended  and  Volatile) 


Apparatus : 

Vacuum  pump 
Oven  102° C 

Muffle  furnace  for  use  at  550°C 
Desiccator 
Analytical  balance 
Gooch  crucibles 

Fiber  filter  disk  21  mm  (laboratory  study  only) 

Millipore  AP  Uo  Microfiber  Glass  Filters  (ItT-mrn  diam)  and 
filter  holders  for  field  study  only 

Procedure : 

See  Standard  Methods , l4th  Edition: 

a.  Laboratory  study.  Duplicate  samples  from  the  mixing  tank 
(M.T. ) and  effluent  were  filtered  using  Gooch  crucibles 
for  the  determination  of  suspended  and  volatile  solids. 
Sample  preservation  required  refrigeration  at  4°C  for  a 
period  of  time  exceeding  no  longer  than  7 days  from  the 
time  of  sampling  until  time  of  analysis. 

Field  study.  Duplicate  samples  from  the  surge  tank, 


B1 


r 


aeration  basin,  and  effluent  were  filtered  using  AP  40 
Microfiber  Glass  Filters. 

£H 

Apparatus : 

Laboratory  study 

Beckman  Zeromatic  55-3  pH  meter  and  39501  Beckman  electrode 
Field  Study: 

Corning  Scientific  Instruments,  Model  61O-A 
Reagents : 

Matheson  Coleman  and  Bell  pH  T and  buffers 
Procedure : 

The  meter  was  calibrated  using  a pH  U buffer,  then  a pH  T buffer. 
The  meter .was  calibrated  to  the  temperature  of  the  sample  prior 
to  measurement. 


Biological  Coxjnts,  Qualitative  Observation 


Apparatus : 

Microstar  Microscope  fitted  with  a Howard  grid  ocular  micrometer 
Standard  plain  glass  slide  and  cover  slip 
FaJ-con  IOO6  plastic  petri  dish 

Procedure: 

Qualitative  microbiological  observations  were  taken  to  evaluate 
the  relative  abimdance  of  the  microfauna  in  the  mixing  tank. 
With  a 25-mJl  graduated  pipette  from  which  the  tip  had  been  re- 
moved, a sample  was  extracted  at  mid-depth  from  the  mixing 
tank  and  drained  into  a small  beaker.  The  sample  was  stirred 
and  a drop  placed  on  a slide  for  microscopic  examination. 

If  the  microfauna  were  not  relatively  characteristic,  a ll+-mJ, 
portion  of  the  sample  was  drained  into  a Falcon  IOO6  plastic 
petri  dish  and  randomly  observed  at  lOOx  magnification  to  de- 
termine relative  abimdance. 


Biological  Counts , Quantitative  Observation 


Apparatus : 

Microstar  series  10  Microscope  fitted  with  a Howard  grid  ocular 
micrometer 

Sedgwick-Rafter  counting  cell  (S-R) 

Magnetic  stirring  apparatus 

Reagent : 

Neosynephrin 


L. 
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Procedure ; 

A sample  was  removed  from  the  most  turbulent  section  of  the  mix- 
ing tank  at  a depth  of  0.5  ft.  The  sample  was  well  mixed  and 
a 25-mA  portion  was  pipetted  and  diluted  with  2k-ml  distilled 
H^O  to  which  one  drop  of  Neosynephrin  had  been  added  for  re- 
laxation of  microorganisms.  After  the  mixture  had  been  mixed 
using  a magnetic  stirring  apparatus,  a 1-mS.  portion  was  pi- 
petted into  a Sedgwick-Rafter  counting  cell.  From  Jiilian  days 
23T  to  248  the  magnification  was  increased.  An  area  equiva- 
lent to  lOOx  the  former  area  scanned  at  40x  magnification  was 
examined  and  the  microorganisms  coiinted.  Microorganisms  enu- 
merated included  peritrich  ciliates  (with  differentations  of 
suctorions),  hypotrich  ciliates,  oligochaete  worms,  nematodes, 
rotifers,  Acavina  mites,  and  Arthospira  algae  forms. 

Chemical  Oxygen  Demand  (COP) , Laboratory  Study 
Apparatus : 

Technicon  Corporation  Auto  Analyzer  II 
Reagents : 

Alpha-Trol  Standard 

Potassium  acid  phthalate  standard  stock  solution 
Procedure: 

27 

See  procedure  in  Analytical  Chemistry 
Field  Study: 

25 

See  Standard  Methods , 13th  edition. 

Dissolved  Oxygen  Uptake 


Apparatus : 

YSI  Model  51-A  D.O.  meter  and  BOD  probe 

300-m£  BOD  bottle 

Stopwatch 

Procedure ; 

26 

See  Standard  Methods . l4th  edition  (Method  213  B,  "Oxygen  Con- 
sumption Rate")  and  following. 

a.  Laboratory  study.  A sample  from  the  mixing  tank  was  re- 
moved using  a peristaltic  pump  to  rapidly  obtain  300  mJl 
mixed  liquor  in  a BOD  bottle.  Immediately  the  YSI  BOD 
probe  was  inserted  into  the  BOD  bottle  and  activated. 

After  the  meter  had  equilibrated,  an  initial  D.O.  reading 
was  taken  and  additional  readings  were  taken  at  1-min 
intervals  for  20  min. 


B3 


Total  Organic  Carbon 


Apparatus : 

Dorhmau  D.C.  50,  Envirotech  Organic  Carbon  Analyzer 
Reagents : 

Potassium  acid  phthalate  standards  stock  solution 
Alpha-Trol  commercial  standard  concentration  HCl 

Procedure : 

For  the  laboratory  bench-scale  testing,  TOC  analyses  of  unfil- 
tered feed  solution,  effluent,  and  filtered  effluent  were  made. 
The  effluent  was  filtered  using  Gelman  Type  A/E  J+T-nim  filters. 


Note:  All  TOC  samples  were  preserved  by  the  addition  of  enough 
concentrated  HCl  to  lower  the  pH  below  2 and  refrigerated 
until  the  time  of  analysis. 


APPENDIX  C;  RAW  DATA 


1.  This  appendix  presents  raw  data  for  the  second  phase  of  the  j 

laboratory  evaluation  of  the  bench-scale  extended  aeration  system.  In-  ] 

eluded  are  the  results  of  effluent  analyses  for  both  total  and  soluble  I 

! 

TOC  and  COD,  suspended  solids,  and  MLSS,  and  the  percent  removals  of  1 

total  and  soluble  TOC  and  COD  that  were  achieved  by  the  system.  The  j 

following  abbreviations  are  used  in  Tables  CI-CI8.  j 

FTOC  = Food  TOC  i 

COUTOC  = Clarifier  overflow  unfiltered  TOC  ' 

i 

PTOCRT  = (FTOC  - COUTOC ) x 100 /FTOC  \ 

I 

COFTOC  = Clarifier  overflow  filtered  TOC  1 

PTOCRS  = (FTOC  - COFTOC)  x lOO/FTOC  j 

1 

COUTSS  = Clarifier  overflow  suspended  solids  ! 

SSMT  = Suspended  solids  mixing  tank  i 

FCOD  = Food  COD  1 

COUCOD  = Clarifier  overflow  unfiltered  COD  ■ 

i 

PCODRT  = (FCOD  - COUCOD)  x 100 /FOOD  { 

i 

COFCOD  = Clarifier  overflow  filtered  COD 

PCODRS  = (FCOD  - COFCOD)  x lOO/FCOD  j 

1 

DOUP  = Dissolved  oxygen  uptake 

DOU/MSS  = Dissolved  oxygen  uptake/mixing  tank  suspended  solids 


TABLE  Cl 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
2-DAY  CYCLE,  LOADING  DAY  1 


TIME 

PTOC 

COUTOC 

PTOCRT 

COFTOC 

PTOCRS 

COUTSS 

SSMT 

FCQD 

COUCOD 

PCOD8T 

COFCOD 

PCOMS 

DOUP 

DOU/KSS 

0. 

69. 

23. 

66.7 

6. 

91.3 

83.0 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

O.S 

69. 

18. 

73.9 

5. 

92.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.0 

69. 

42. 

39.1 

5. 

92.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.5 

69. 

26. 

62.3 

5. 

92.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

2.0 

69. 

25. 

63.8 

6. 

81.3 

0. 

590. 

0. 

0. 

0. 

0. 

0. 

0. 

.<  0. 

3.0 

69. 

25. 

63.8 

7. 

89.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

69. 

28. 

59.4 

5. 

92.8 

0. 

753. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5.d 

69. 

30. 

56.5 

5. 

92.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

6.0 

69. 

24. 

65.2 

5. 

92.8 

0. 

770. 

0. 

0. 

0. 

0. 

0. 

13.2 

0.0 

7.0 

69. 

30. 

56.5 

6. 

91.3 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

8.0 

69. 

24. 

65.2 

7. 

89.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

TABLE  r2 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
2-DAY  CYCLE.  LOADING  DAY  2 


Tpg 

PTOC 

COUTOC 

PTOCRT 

corroc 

PTOCRS 

COUTSS 

SSMT 

Fcon 

COUCOD 

PCODRT 

COFCOD 

PCODRS 

POUF 

DOU/HSS 

0. 

97. 

14. 

85.6 

n. 

86.6 

34.0 

J005. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

O.S 

97. 

27. 

72.2 

21. 

78.4 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.0 

97. 

26. 

73.2 

15. 

84.5 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.5 

97. 

26. 

73.2 

7. 

92.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

;.o 

97. 

27. 

72.2 

10. 

89.7 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3.0 

97. 

20. 

79.4 

5. 

94.8 

0. 

803. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

97. 

29. 

70.1 

7. 

92.8 

0. 

848. 

0. 

u. 

0. 

0. 

0. 

0. 

0. 

5.0 

97. 

23. 

76.3 

7. 

92.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

6.0 

97. 

73. 

24.7 

5. 

94.8 

0. 

791. 

0. 

0. 

0. 

0. 

0. 

13.8 

0.0 

7.0 

97. 

81. 

16.5 

6. 

93.8 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

8.0 

97. 

21. 

78.4 

8. 

91.8 

0. 

738. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

TABLE  C3 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
2-DAY  CYCLE.  LOADING  DAY  3 


TIME 

PTOC 

COUTOC 

PTOCRT 

COFTOC 

PTOCRS 

COUTSS 

ssrrr 

FCQD 

COUCOD 

PCODRT 

COFCOD 

PCODRS 

DOUP 

DOU/HSS 

0. 

99. 

30. 

69.7 

92.9 

0. 

0. 

0. 

0. 

U. 

0. 

0. 

0. 

0. 

0.5 

99. 

28. 

71.7 

6. 

93.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.0 

99. 

33. 

66.7 

5. 

94.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.5 

99. 

29. 

70.7 

9. 

90.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

•t 

2.0 

99. 

23. 

76.8 

18. 

81.8 

0. 

567. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3.0 

99. 

25. 

74.7 

11. 

88.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

99. 

22. 

77.8 

6. 

93.9 

0. 

870. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

6.0 

99. 

30. 

69.7 

6. 

93.9 

0. 

659. 

0. 

0. 

0. 

0. 

0. 

6.6 

0. 

7.0 

99. 

30. 

69.7 

8. 

91.9 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

8.0 

99. 

21. 

78.8 

11. 

88.9 

0. 

330. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

. - 


r 


TABLE  r4 

LABORATORY  DATA  FOR  iNTERMimW  LOADING 
3-DAY  CYCLE.  LOADING  DAY  I 


TABLE  (6 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
3 DAY  CYCLE.  LOADING  DAY  3 


TABU  a 

UDOKATORY  DATA  t OR  INTCKMITTUNT  LOADING 
4>DAY  CYCLE,  LOADING  DAY  I 


TABLE  C8 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
4.DAY  CYCLE.  LOADING  DAY  1 
(ADDITIONAL  SAMPLING) 


TABLE  CIO 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
4-OAY  CYCU.  LOADING  DAY  3 


f 


TABLE  Cll 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
S DAY  CYCLE.  LOADING  DAY  I 


B 

me 

COUTOC 

metT 

conoc 

PTOCRS 

C0UTS8 

SSMT 

7CO0 

COUCOD 

PCODKT 

COPCOD 

PCODR8 

DOUP 

DO 

84. 

15. 

82.1 

28. 

88.7 

33.0 

942. 

287. 

54. 

79.8 

12.. 

95.5 

0. 

0 

0 

84. 

14. 

83.3 

22. 

73.8 

37.0 

925. 

287. 

50. 

81.3 

12. 

95.5 

0. 

0 

5 

84. 

25. 

70.2 

15. 

82.1 

0. 

0. 

267. 

65. 

75.7 

12. 

95.5 

0. 

0 

5 

84. 

12. 

85.7 

20. 

78.2 

0. 

0. 

267. 

38. 

85.8 

44. 

83.5 

0. 

0 

0 

84. 

18. 

78.8 

8. 

90.5 

34.0 

1002. 

267. 

65. 

75.7 

19. 

92.9 

0. 

0 

5 

84. 

18. 

81.0 

7. 

91.7 

0. 

0. 

267. 

22. 

91.8 

19. 

92.9 

0. 

0 

0 

84. 

10. 

88.1 

8. 

90.5 

0. 

812. 

267. 

38. 

85.8 

19. 

92.9 

0. 

0 

5 

84. 

18. 

81.0 

9. 

89.3 

21.0 

794. 

287. 

38. 

85.8 

53. 

80.1 

0. 

0 

0 

84. 

14. 

83.3 

14. 

83.3 

22,0 

927. 

287. 

38. 

85.8 

38. 

85.8 

0. 

0 

0 

84. 

18. 

78.8 

18. 

81.0 

28.0 

873. 

267. 

71. 

73.4 

44. 

83.5 

0. 

0 

0 

84. 

22. 

73.8 

10. 

88.1 

30.0 

941. 

287. 

87. 

67.4 

25. 

90.8 

158. 

0 

0 

84. 

82. 

28.2 

8. 

90.3 

22.0 

794. 

287. 

56. 

79.0 

38. 

85.8 

0. 

0 

0 

84. 

18. 

81.0 

9. 

89.3 

1.0 

913. 

287. 

50. 

81.3 

19. 

92.9 

0. 

0 

TABLE  Ci2 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
5-DaY  cycle,  loading  DAY  2 

TIME  noc  COUTOC  PTOCRT  COTTOC  FTOCRS  COUTSS  SSIfT  FCOD  COUCOD  fCOOIH  COfCOO  FCODRS  COUP  D<Xf/IC$ 


71. 

12. 

83.1 

13. 

81.7 

42.0 

788. 

240. 

0. 

200.0 

19. 

92.1 

0. 

5 

71. 

14. 

80.3 

10. 

85.9 

0. 

0. 

240. 

85. 

72,9 

5. 

97.9 

0. 

0 

71. 

17. 

78.1 

8. 

88.7 

42.0 

880. 

240. 

71. 

70.4 

5. 

97.9 

0. 

s 

71. 

13. 

81.7 

18. 

74.8 

0. 

0. 

240. 

54. 

77.5 

5. 

97.9 

0. 

0 

71. 

12. 

83.1 

10. 

85.9 

41.0 

728. 

240. 

71. 

70.4 

22. 

90.8 

0. 

5 

71. 

22. 

89.0 

16. 

77.5 

0. 

0. 

240. 

54. 

77.5 

27. 

88.8 

0. 

0^ 

71. 

10. 

85.9 

9. 

87.3 

40.0 

808. 

240. 

85. 

72.9 

54. 

77.5 

0. 

0 

71, 

10. 

85.9 

8. 

91.5 

H.O 

892. 

240. 

60. 

75.0 

38. 

84.2 

0. 

0 

71. 

15. 

78.9 

11. 

84.5 

0. 

823. 

240. 

74. 

89.2 

27. 

88.8 

0. 

0 

71. 

10. 

85.9 

8. 

88.7 

0. 

810. 

240. 

65. 

72.9 

5. 

97.9 

12.3 

0 

71. 

15. 

78.9 

8. 

88.7 

33.0 

778. 

240. 

12. 

95.r 

5. 

97.9 

0. 

0 

71. 

16. 

77.5 

U. 

80.3 

44.0 

485. 

240. 

29. 

87.9 

5. 

97.9 

0. 

0. 

o.s 

1.0 

1.5 
2.0 

2.5 
).0 
*.0 
1.0 
0.0 

7.0 

1.0 


rroc 

82. 

82. 

82. 

82. 

82. 

82. 

82. 

82. 

$3. 

82. 

82. 

82. 


TABLE  03 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 

5-day  cycle,  loading  day  3 


fcon 

COUCOD 

65. 

proonT 

rorron 

fconuR 

ItOUP 

DDU/HSS 

85.4 

10. 

87.8 

36.0 

748, 

225. 

71.1 

19. 

91.6 

0. 

0. 

73.2 

2. 

97.8 

0. 

0. 

235. 

0. 

100.0 

5. 

97.8 

0. 

0. 

84.1 

18. 

78.0 

54.0 

7^5. 

225. 

44. 

80.4 

5. 

97.8 

0. 

0. 

82.9 

8. 

92.7 

0. 

0. 

225. 

30. 

88.7 

5. 

97.8 

0. 

0. 

84.1 

10. 

87.8 

28.0 

798. 

225. 

22. 

90.2 

5. 

97.8 

0. 

0. 

85.4 

24. 

70.7 

0. 

0. 

225. 

90. 

80.0 

5. 

97.8 

0. 

0. 

85.4 

5. 

93.9 

54.0 

714. 

225. 

33. 

85.3 

5. 

97.8 

0. 

0. 

87.8 

18. 

78.0 

32.0 

795. 

225. 

38. 

83.1 

16. 

92.9 

0. 

0. 

80.5 

9. 

89.0 

0. 

698. 

225. 

27. 

88.0 

0. 

100.0 

0. 

0. 

88.8 

8. 

90.2 

34.0 

851. 

225. 

0. 

100.0 

5. 

97.8 

11.4 

0.0 

85.4 

13. 

84.1 

24.0 

828. 

225. 

54. 

78.0 

22. 

90.2 

0. 

0. 

•4.1 

8. 

90.2 

27.0 

749. 

225. 

33. 

85.3 

10. 

95.8 

0. 

0. 

l2. 


TABLE  Cl  4 

LABORATORY  DATA  FOR  INTERMITTF-KT  LOADING 
1'DAY  CYCLE.  LOADING  DAY  1 


TIKE 

FTOC 

COUTOC 

PTOCRT 

corroc 

rrocM 

COUT8S 

8Wf 

rcoo 

COUCOB 

PCOWT 

ccfrooo 

FCOP8S 

POUF 

DOU/HSS 

0. 

92. 

4. 

91.3 

4. 

95.7 

75.0 

113). 

0. 

0. 

0. 

0. 

0. 

3.4 

0.0 

O.S 

92. 

S. 

91.3 

3. 

94.7 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.0 

92. 

S. 

91.3 

4. 

93.5 

M.O 

972. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

l.S 

92. 

6. 

93.5 

4. 

95.7 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

2.0 

92. 

4. 

93.5 

4. 

95.7 

77.0 

9H. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3.0 

92. 

14. 

•4.8 

4. 

95.7 

42.0 

899. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

92. 

5. 

94.4 

4. 

95.7 

40.0 

915. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5.0 

92. 

4. 

95.7 

4. 

95.7 

51.0 

831. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

92. 

4. 

95.7 

0. 

100.0 

34.0 

890. 

0. 

0. 

0. 

0. 

0. 

13.9 

0.0 

7.0 

92. 

2. 

97.8 

2. 

97.8 

0. 

948. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

t.O 

92. 

4. 

95.7 

1. 

98.9 

0. 

89.1. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

TA0LF.  CIS 

LABORATORY  DATA  FOR  INTT-RMITTUNT  LOADING 
7-DAY  CYCLE.  LOADING  DAY  2 


YDS 

rroc 

COVTOC 

FT0C8T 

COFTOC  FTOCtS  COUTSS 

S8MT 

rcoo 

coucoo 

FC008T 

cor  coo 

FCOIMS 

POOF 

OOO/HSS 

0. 

72. 

4. 

91.7 

2. 

7.2  74.0 

479. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0.5 

72. 

0. 

100.0 

2. 

7.2  0. 

0. 

0. 

0. 

0. 

0. 

0 

0. 

0. 

1.0 

72. 

4. 

94.4 

8.4  80.0 

392. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

1.5 

72. 

1. 

98.4 

8.4  0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

2.0 

72. 

4. 

94.4 

4.4  83.0 

542. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

2.5 

72. 

1. 

98.4 

3. 

5.8  0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

3.0 

72. 

14. 

80.4 

3. 

5.8  47.0 

444. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

72. 

31. 

54.9 

3. 

5.8  53.0 

404. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

5.0 

72. 

29. 

59.7 

2. 

7.2  45.0 

495. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

4.0 

72. 

5. 

93.1 

1.7  50.0 

454. 

0. 

0. 

0. 

0. 

0. 

11.5 

0. 

7.0 

72. 

3. 

95.8 

2. 

7.2  47.0 

422. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

8.0 

72. 

4. 

91.7 

4.  9 

.7  44.0 

549. 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

TABLE  C16 

LABORATORY  DATA  FOR  INTERMITTEKT  LOADING 
7.DAY  CYCLE,  LOADING  DAY  ^ 


Tpg 

FTOC 

COVTOC 

FTOOr 

COFTOC 

FTOCR8 

ravns 

S8rr 

FCOP 

COUCOP 

FC008T 

COFCOP 

FCOPt8 

POUF 

POU/MSS  i 

0. 

88. 

2. 

97.7 

1. 

98.9 

57.0 

818. 

217. 

54. 

75.1 

28. 

87.1 

0. 

0.  1 

0.5 

88. 

5. 

94.3 

1. 

98.9 

0. 

0. 

217. 

43. 

80.2 

28. 

87.1 

0. 

0. 

1.0 

88. 

2. 

97.7 

1. 

98.9 

45.0 

450. 

217. 

82. 

42.2 

11. 

94.9 

0. 

0.  1 

1.5 

88. 

4. 

95.5 

1. 

98.9 

0. 

0. 

217. 

25. 

M.5 

21. 

90.3 

0. 

0.  ! 

2.0 

88. 

2. 

97.7 

1. 

98.9 

42.0 

842. 

7M. 

39. 

82.0 

25. 

88.5 

0. 

0. 

2.5 

88. 

3. 

94.4 

1. 

98.9 

0. 

0. 

21). 

28. 

87.1 

34. 

83.4 

0. 

0.  1 

3.0 

88. 

2. 

97.7 

1. 

98.9 

44.0 

700. 

217. 

50. 

77.0 

14. 

92.4 

0. 

0. 

4.0 

88. 

4. 

95.5 

7. 

92.0 

35.0 

577. 

217. 

39. 

82.0 

14. 

93.5 

0. 

»•  ! 

5.0 

U. 

4. 

95.5 

5. 

94.3 

50.0 

444. 

217. 

57. 

73.7 

28. 

87.1 

0. 

0.  1 

HI. 

HS. 


TAULH  C17 

LADORATORY  DATA  FOR  INTF-RMITnvNT  LOADING 
7-DAY  CYCLE,  LOADING  DAY  4 


PTOCRT 

corroc 

nocu 

COUT88 

8SHT 

rcoD 

COUCOD 

PC008T 

COFC<R» 

TCQDt8 

POUF 

DOU/MSS 

0. 

100. 

9. 

91.0 

4. 

96.0 

27.0 

635. 

237. 

19. 

92.0 

5. 

97.9 

0. 

0. 

0.5 

100. 

2. 

98.0 

1. 

99.0 

0. 

0. 

237. 

22. 

90.7 

5. 

97.9 

0. 

0. 

1.0 

100. 

A. 

96.0 

8. 

92.0 

19.0 

679. 

237. 

25. 

89.5 

12. 

94.9 

0. 

0. 

1.5 

100. 

U. 

86.0 

1. 

99.0 

0. 

0. 

237. 

50. 

78.9 

34. 

85.7 

0. 

..  "• 

2.0 

100. 

9A. 

6.0 

4. 

96.0 

25.0 

587. 

237. 

92. 

61.2 

5. 

97.9 

0. 

0. 

2.5 

100. 

8. 

92.0 

9. 

91.0 

0. 

0. 

237. 

31. 

86.9 

5. 

97.9 

0. 

0. 

5.0 

100. 

U. 

8A.0 

4. 

96.0 

26.0 

671. 

237. 

22. 

90.7 

18. 

92.4 

0. 

0. 

C.O 

100. 

12. 

88.0 

4. 

96.0 

30.0 

518. 

237, 

28. 

88.2 

12. 

94.9 

7.7 

0.0 

7.0 

100. 

5. 

95.0 

6. 

94.0 

23.0 

631. 

237. 

23. 

90.3 

22. 

90.7 

0. 

0. 

0.0 

100. 

8. 

92.0 

7. 

93.0 

29.0 

601. 

237. 

28. 

88.2 

12. 

94.9 

0. 

0. 

TABLE  CI8 

LABORATORY  DATA  FOR  INTERMITTENT  LOADING 
7-OAY  CYCLE.  LOADING  DAY  5 


YDS 

rroc 

COOTOC 

mCRT 

corroc 

nocMS 

COVTSS 

SSMT 

rcoD 

COOCOO 

PCODRT 

eorcoo 

PCODM 

0. 

86. 

6. 

93.0 

6. 

93.0 

52.0 

765. 

182. 

37. 

79.7 

7. 

96.2 

0.3 

86. 

18. 

79.1 

8. 

90.7 

45.0 

0. 

162. 

28. 

84.6 

20. 

89.0 

1.0 

86. 

28. 

67.4 

15. 

82.6 

67.0 

746. 

182. 

47. 

74.2 

11. 

94.0 

1.5 

86. 

22. 

74.4 

8. 

90.7 

0. 

0. 

182. 

16. 

91.2 

5. 

97.3 

2.0 

86. 

22. 

74.4 

7. 

91.9 

59.0 

700. 

162. 

60. 

67.0 

26. 

84.6 

2.5 

86. 

26. 

69.8 

8. 

90.7 

0. 

0. 

182. 

47. 

74.2 

59. 

67.6 

3.0 

86. 

22. 

74.4 

10. 

88.4 

63.0 

754. 

182. 

51. 

72.0 

18. 

90.1 

4.0 

86. 

20. 

76.7 

7. 

91.9 

66.0 

667. 

162. 

60. 

67.0 

20. 

69.0 

5.0 

86. 

19. 

77.9 

7. 

91.9 

51.0 

670. 

182. 

38. 

79.1 

42. 

76.9 

6.0 

66. 

22. 

74.4 

7. 

91.9 

59.0 

661. 

182. 

30. 

83.5 

21. 

68.5 

7.0 

86. 

22. 

74.4 

10. 

88.4 

46.0 

583. 

182. 

24. 

86.6 

10. 

94.5 

8.0 

86. 

18. 

79.1 

10. 

88.4 

38.0 

570. 

182. 

32. 

83.0 

24. 

86.8 

In  accordance  with  letter  from  DAEN-ROC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 
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by  Jerome  L.  Hahloch,  Daniel  E.  Averect,  Marcia  Headstream. 
Vicksburg,  Miss.  : U.  S.  Waterways  Experiment  Station; 
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